University of Windsor

Scholarship at UWindsor
Electronic Theses and Dissertations

Theses, Dissertations, and Major Papers

3-10-2021

Advanced Energy Modelling and Life Cycle Assessment of Indoor
Agriculture
Sadaf Ekhtiari
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation
Ekhtiari, Sadaf, "Advanced Energy Modelling and Life Cycle Assessment of Indoor Agriculture" (2021).
Electronic Theses and Dissertations. 8552.
https://scholar.uwindsor.ca/etd/8552

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.

Advanced Energy Modelling and Life Cycle Assessment
of Indoor Agriculture
By

Sadaf Ekhtiari

A Thesis
Submitted to the Faculty of Graduate Studies
through the Department of Civil and Environmental Engineering
in Partial Fulfillment of the Requirements for
the Degree of Master of Applied Science
at the University of Windsor

Windsor, Ontario, Canada

2021

© 2021 Sadaf Ekhtiari

Advanced Energy Modelling and Life Cycle
Assessment of Indoor Agriculture
by

Sadaf Ekhtiari

APPROVED BY:

______________________________________________
V. Roussinova
Department of Mechanical, Automotive & Materials Engineering
______________________________________________
R. Ruparathna
Department of Civil and Environmental Engineering

______________________________________________
R. Carriveau, Co-Advisor
Department of Civil and Environmental Engineering
______________________________________________
D. Ting, Co-Advisor
Department of Mechanical, Automotive & Materials Engineering

January 26, 2021

ii

DECLARATION OF CO-AUTHORSHIP / PREVOIUS PUBLICATIONS
I.

Co-Authorship

I hereby declare that this thesis incorporates material that is result of joint research, as
follows:
Chapter 3 of the thesis was co-authored with Z. Naghibi and S.Ekhtiari under the
supervision of professors R. Carriveau and D. Ting. Z. Naghibi contributed to the
conceptualization, methodology, software model development, investigation, validation,
and preparing the original draft. S. Ekhtiari contributed to the methodology, software
model development, benchmarking, writing, reviewing and editing of the manuscript.
Within the Chapters 2 and 4, I carried out all background research, methodology, topic
selection, simulation design and analysis, interpretation of results, and preparation of text,
with guidance and review provided by Dr. Rupp Carriveau and Dr. David S-K. Ting.
I am aware of the University of Windsor Senate Policy on Authorship and I certify that I
have properly acknowledged the contribution of other researchers to my thesis and have
obtained written permission from each of the co-author(s) to include the above
material(s) in my thesis.
I certify that, with the above qualification, this thesis, and the research to which it refers,
is the product of my own work.
II.

Previous Publication

This thesis includes three original papers that have been previously published/ submitted
for publication in peer reviewed journals, as follows:
Chapter 2

Chapter 3

Chapter 4

S. Ekhtiari, R Carriveau, D S-K. Ting.
Life Cycle Assessment of a Greenhouse Bell
Pepper Production in
Southwestern Ontario: Evaluating Nonrenewable vs Renewable Heating Energy
Systems
Z. Naghibi, S. Ekhtiari, R. Carriveau, D. S-K.
Ting (2020).
Hybrid Solar Thermal/Photovoltaic-Battery
Energy Storage System in a Commercial
Greenhouse: Performance and Economic
Analysis, Energy Storage Journal,
DOI: 10.1002/est2.215
S. Ekhtiari, R. Carriveau, D. S-K. Ting.
Parametric Optimization of Environment
Variables to Minimize Energy Requirements
and Improve Solar Thermal Energy System
Performance in a Commercial Greenhouse

iii

To be Submitted

Published

To be Submitted

I declare that I have obtained a written permission from the copyright owner(s) to include
the above published material(s) in my thesis. I certify that the above material describes
work completed during my registration as a graduate student at the University of
Windsor.
III.

General

I certify that, to the best of my knowledge, my thesis does not infringe upon anyone’s
copyright nor violate any proprietary rights and that any ideas, techniques, quotations, or
any other material from the work of other people included in my thesis, published or
otherwise, are fully acknowledged in accordance with the standard referencing practices.
Furthermore, to the extent that I have included copyrighted material that surpasses the
bounds of fair dealing within the meaning of the Canada Copyright Act, I certify that I
have obtained a written permission from the copyright owner(s) to include such
material(s) in my thesis.
I declare that this is a true copy of my thesis, including any final revisions, as approved
by my thesis committee and the Graduate Studies office, and that this thesis has not been
submitted for a higher degree to any other University or Institution.

iv

ABSTRACT
This thesis investigates the agricultural greenhouse sector in a cold climate, which requires
a large amount of natural gas for supplying the substantial heating demands. The heating
demand of these structures is calculated, and potential sustainable design methods are
implemented to reduce the reliance on carbon-based fuels. Assessment of the
environmental impacts of a bell pepper greenhouse in Southwestern Ontario, Canada
heated by natural gas was studied. A life cycle assessment (LCA) method is employed to
scrutinize the bell pepper greenhouse, pinpointing areas that need improvement. It was
concluded that Global Warming (GW) is the significant environmental hazard among
other environmental categories (3.87e-2 kg 𝐶𝑂2-Eq). It should be noted, the main
contributor to global warming is the natural gas being used as the heating resource (3.2e-2
kg 𝐶𝑂2-Eq). The analysis is extended to explore the deployment of solar energy as an
alternative source for heating. Solar energy is found to be a superior alternative in terms of
emissions. Furthermore, in order to integrate solar energy into the energy supplying
systems of the greenhouses, a hybrid Solar Thermal/Photovoltaic-Battery Energy Storage
(ST/PV-BES) system is modeled. Evaluation of the best configuration of photovoltaic
(PV) and solar thermal (ST) modules, and battery energy storage (BES) size to have the
minimum Levelized Cost of Energy (LCOE) was conducted. It is proved that the system is
economically optimized. Moreover, to improve operational efficiency and reduce the
energy demand of commercial greenhouses, parametric optimization of major growing
environment variables including cladding material and window to wall ratio as well as the
characteristics of the solar thermal model elements such as hot water tank capacity and
heat exchanger effectiveness was carried out. It is demonstrated that the best greenhouse
configuration which is a system with 80% window area and 20% brick wall area in both
lower nodes and upper nodes results in heating and cooling demand energy reduction
without significantly compromising the solar energy absorption. This scenario leads to
increasing system performance from 36% to 39%. It is also concluded that doubling the
tank capacity improves system performance from 36% to 43% and changing the heat
exchanger effectiveness has minor impacts on the system performance.
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CHAPTER 1
Introduction
1.1 Background
The governments' interest toward low-emission economy has been increased over the past years worldwide.
Greenhouse gas emissions need to stabilize in 5~10 years to prevent climate change, and approach zero by
the second half of the century [1]. Buildings' heating demand, and in particular those in cold climates,
significantly rely on the energy production. The combustion of a carbon-based fuel such as natural gas, coal,
gasoline, or propane typically provides heating energy demands. It leads to releasing greenhouse gases
including carbon dioxide, methane and nitrous oxide into the atmosphere [2]. Converting the finite resources
into usable forms and transporting them to the end-user around the world cause emissions. This fact
highlights the urgent need to promote the development and implementation of advanced clean energy
technologies to resolve the global challenges of energy stability, climate change and sustainability [3]. This
work studies the agricultural greenhouse sector with a focus on greenhouses in cold climates. Greenhouse is
an enclosed environment, covered with glass or a transparent plastic, providing a desirable microclimate for
the growth of crops [4]. Since the covering materials are configured for optimum light transmission, a
greenhouse environment's insulating characteristics are obviously inferior to those of a conventional
building [5]. There is a part of the winter season where crops are present in the greenhouse regardless of
farming schedules [6]. Greenhouses have substantial heating requirements in cold climates due to significant
difference of up to 40°C between indoor and outdoor temperatures and the fact that operations can
potentially reach 20 hectares in the site area. Usually, the heating systems, with consuming up to 90% of
total energy demand, require the highest energy resources in greenhouses’ operations [7]. Researchers have
studied and proposed several energy management design and operating techniques for the greenhouses [8,9],
for example, optimal positioning of the heating pipes, adjusting the set-point temperatures, and utilizing
thermal curtains and a thermal mass on the interior of the greenhouse. The goal of this work is to go farther
than management strategies and explore future greenhouse systems.
1.2 Methodology
This study mainly focuses on operating processes of greenhouses in southwestern Ontario. Ontario is the
center of the development of greenhouses in North America. The required data have been collected from
published studies and more comprehensive information from meetings with regional growers has been
1

supplemented. Two software programs have been used in this study, OpenLCA for Chapter 2 and TRNSYS
for Chapters 3 and 4, respectively. OpenLCA is a footprint software and professional Life Cycle Assessment
(LCA) with wide range of features and available databases which have been used in Chapter 2 to conduct
the LCA study for greenhouses in Southwestern Ontario [10]. TRNSYS “Transient System Simulation
Program”, is a simulation environment for the transient simulation of energy systems [11]. TRNSYS has
been used as a complete and extensible simulation environment to simulate the greenhouse microclimate
and heating systems. The objective of Chapter 2 is to implement a Life Cycle Assessment (LCA) of bell
pepper greenhouse production in Southwestern Ontario to investigate and evaluate the processes which
cause the major environmental burdens. It represents solar energy as a low-emission alternative scenario to
reduce the environmental harms caused by the conventional carbon-based fuels used for supplying the
heating demand. Chapters 3 objectives include designing and modelling a solar hybrid (ST/PV-BES) system
to meet the heating and electrical load of a commercial greenhouse Ontario, Canada. The system is
technically and economically evaluated. Side-by-side PV and ST configurations are investigated in this
chapter. The objective of Chapter 4 is minimizing the energy requirements for sample existing operations
through parametric optimization of major growing environment variables including cladding material and
window to wall ratio as well as the characteristics of the solar thermal model elements such as hot water
tank capacity and heat exchanger effectiveness. This chapter utilizes the Transient Energy System
Simulation Tool (TESST) and the Solar Thermal System model developed in Chapter 3 for parametric
optimization and evaluating the system performance.
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CHAPTER 2

Life Cycle Assessment of a Greenhouse Bell Pepper Production in Southwestern Ontario:
Evaluating Non-renewable vs Renewable Heating Energy Systems
Sadaf Ekhtiari, Rupp Carriveau, David S-K. Ting
Turbulence and Energy Laboratory, University of Windsor
401 Sunset Ave, Windsor, ON, Canada

2.1 Introduction:
Predictions state that global population will reach nine billion by 2050, and that 80% of this population
will live in urban areas [1]. This increase may cause a significant shift in the demand for food and
vegetables [2,3]. Several solutions have been suggested to address this problem, among which urban
agriculture – such as greenhouses – has proven promising for the future of food security [4].
Greenhouses can provide adaptive humidity, air temperature, and lighting for crop production [2]. In
regions with cold climates and short growing seasons, such as Ontario, Canada, it is challenging to
grow year-round vegetables; therefore, greenhouses are significantly utilized in this region to increase
the agricultural yield per unit area [3]. In fact, Southwestern Ontario is home to the most greenhouses
in North America, with 200 farms spread across 3,072 acres of harvested areas, producing 69% of the
total agricultural production, including tomatoes, cucumbers, and peppers [5,6].
Although greenhouses can provide controlled environment for plant growth, they have a non-trivial
environmental footprint. The great expansion of indoor agriculture systems can lead to increasing the
energy demand. Energy is one of the largest concerns of the greenhouses in terms of cost and
environmental harms [2]. Most of the greenhouses burn fossil fuels for heating the greenhouse space,
which results in carbon dioxide (𝐶𝑂2 ) emissions [2,7]. Moreover, the initial cost of fossil fuels is
dramatically increasing [2]. These negative environmental impacts and limitation of fossil fuel
resources [2] have increased interest to conduct studies on environmental effects of greenhouses, and
the means to reduce their footprints and enhance their sustainability.
In the recent years, Life Cycle Assessment (LCA) has been used as a holistic technique for evaluating
the environmental impact of agricultural products by identifying their lifetime energy and material
usage, as well as their environmental releases. LCA techniques enable organizations to establish
baseline environmental footprints and help them identify areas in which operations need improvements
[9]. In general, the life cycle of products starts with raw material extraction and ends with end-of-life
activities, which may include waste or recycling processes [8]. More specifically, each product has a
special life cycle based on tits production process and region; therefore, LCA studies must be carried
out for each region.

4

Numerous studies have investigated the LCA of varying kinds of fruits and vegetables in different
regions. Each of these studies is unique in terms of its goal and system boundary. For instance, a
cradle-to-gate LCA study was conducted on strawberries production in four states in the United States
– California, Florida, North Carolina, and Oregon – to assess their environmental impacts [12]. The
study mainly focused on global warming potential (GWP), concluding that the GWP of North
Carolina’s strawberry farms was the highest among the other states. Moreover, there have been several
LCA studies on pineapple production in different countries, such as Costa Rica, Ghana, Uganda, and
the Philippines [13-17]. Furthermore, [18] proposed a comparative LCA study on pineapples, avocados,
and bananas in Costa Rica, Mexico, and Ecuador, respectively. The focus of the study was assessing
the contribution of each of these fruits to GWP, and it was concluded that avocados have the largest
effect on GWP when compared to the others. In addition, several LCA studies were done on tomato
production in different regions in order to assess their harming of the environment – for example, in
two Canadian provinces, Ontario [19] and Quebec [20], as well as other countries, such as Colombia
[21] and Italy [22]. In another work, [23] conducted a gate-to-gate LCA study on crushing soybeans
and rapeseeds, and refining crude soybean, rapeseed, and palm oil in Europe. This study revealed that
the crushing step has the highest contribution to its environmental footprint. [24] presented a cradle-tograve LCA study on the two central fruits of the Mediterranean fruit sector, peach and apple. The aim
of the study was to determine the contributions of different stages of production to the environmental
categories. It was concluded that the retail stage and agricultural stage are the main concerns. [25]
conducted a comparative LCA study for three different crops – almond, pistachio, and apple – in
Greece. It was revealed that the fertilizers, irrigation, and field management phases were the main
hotspots in terms of contributing to environmental harm. Apples, however, showed the best
environmental profile in relation to GHG emissions when compared to the almonds and pistachios. [26]
presented an LCA study on bell pepper production in the Isfahan province of Iran. The focus of this
study was to evaluate the environmental effects of bell pepper cultivation. It concluded that energy
usage is the main contributor to the cultivation's environmental impact.
Another study that evaluated the life cycle of various products such as pepper, tomato, and watermelon
in Italy proved that the highest contamination in all products, was due to two factors: packaging type
and greenhouse structure [27]. Furthermore, in a different study [28], the energy consumption and
environmental burdens of the pepper crop production in the Mediterranean region was evaluated using
LCA methodology. The paper reported the amounts of global energy requirement, global warming
potential, ozone depletion potential, acidification and eutrophication as 22.6 GJ, 1494.7 kg CO2eq.,
5.2E-04 kg CFC11eq., 9.5 kg SO2eq. and 3.7 kg PO3- 4 eq., respectively, for the production of one
tonne pepper crop. The environmental impacts of cucumber and tomato productions in both open field
and greenhouse methods were investigated using LCA methodology [29]. It was proved that, for the
production of one tonne of cucumber and tomato, cucumber production in greenhouses had a lower
environmental impact than open-field production due to greenhouse production’s higher yield and less
total energy input. On the other hand, open-field tomato production had fewer environmental impacts
than tomatoes produced in greenhouses, since greenhouses use natural gas as their heating source; in
5

addition, more diesel fuel is needed in greenhouses. The environmental impacts of the greenhouse
tomato and cucumber were investigated in Isfahan, Iran. The results indicated that electricity, natural
gas, and nylon inputs have the highest environmental impact among all the factors. It was also proved
that greenhouse tomato production is less environmentally destructive than the greenhouse cucumber
production [30]. In Brazil, the energy flow and environmental impacts of green coffee cultivation were
evaluated. It was concluded that the use of chemical fertilizers had the most destructive environmental
impact [31]. Another study focused on greenhouse gas emissions from strawberry production in a
greenhouse in Japan. The process from farm to market was considered as system boundary. The study
indicated that the highest shares of greenhouse gas emissions were related to fuel, electricity, and water
[32]. In other studies, the environmental effects of the production of a number of foods – including
chickpeas [33], peanuts [34], wheat [35], paddy [36] and milk [37] – were studied using LCA methods.
Despite the numerous studies conducted on greenhouse production and improvement scenarios in other
regions, not many studies have focused on Canadian greenhouse production. Dry et al. [38] carried out
a study based on energy modeling and data on the average vegetable production of Canadian
greenhouses to assess the carbon emissions from greenhouses across Canada. Furthermore, integrated
dairy farm/greenhouse systems were modeled in British Columbia, Canada in [39] by defining organic
waste disposal as the main function of the product system.
Maintaining the proper balance of light and temperature is crucial for greenhouse production, and it
requires a significant amount of heat in cold-temperature locations due to a wintry lack of light and
cold-temperature conditions. Prior to 2008, the Ontario greenhouse industry had to deal with increasing
energy costs to provide the required heating to meet demand [3]. Since then, following Europe’s trend
of sustainability, the energy efficiency of Ontario’s greenhouses has been improved to reduce energy
costs. Furthermore, minimizing environmental impacts has been attempted in response to concerns
about climate change and water usage [40].
As highlighted above, there exists a number of LCA studies on bell pepper production in different
regions of the world. Since factors like soil, mineral contents, water resources, and climate vary across
each region, all these parameters impact the life cycle of the products, so separate LCA studies for a
given product have to be carried out for each region. The Ontario bell pepper greenhouse industry is
essential for the overall greenhouse vegetable production of both Ontario and Canada. In addition, the
industry has been growing, and will continue to grow to meet competitive advantages. Furthermore,
Ontario's ecosystems are quite different (i.e., in terms of climate and technology) from those elsewhere,
so the effects of LCAs conducted elsewhere are not directly transferable to Southwestern Ontario's
greenhouses. To the best of the authors’ knowledge, there is no up-to-date study on the investigation of
environmental impact categories for bell pepper production in Southwestern Ontario. Therefore, it is
necessary to implement an LCA on bell pepper greenhouse production in Ontario. The main objectives
of this study are to (1) evaluate and identify the direct and indirect environmental impacts of
6

greenhouse bell pepper production in Southwestern Ontario; (2) investigate the activities/processes in
the life cycle that are responsible for its major environmental burdens (i.e., hotspots); and (3) represent
different production scenarios which can reduce the environmental load caused by the hotspots. It is
hypothesized that the most environmental harm stems from the source of energy required for heating
the greenhouse.
2.2 Methodology
This study used LCA tools in order to assess the cradle-to-gate environmental impacts of the bell
pepper greenhouses in Southwestern Ontario. According to the ISO 14044 framework, the LCA
methodology includes four initial phases [10]. The first phase is goal and scope definition. In this
phase, the functional unit and system boundaries of the study are defined. The second phase is related
to the life cycle inventory (LCI). This phase can estimate the rate of consumption of resources and the
amount of emissions that will be produced by the product during its manufacture. It also provides a list
of the data needed for the study. The LCI can be illustrated with a flow diagram and a table of the data
collected. The third phase is the life cycle impacts assessment (LCIA). In this phase, the important
environmental impacts can be defined and categorized in terms of their significances. Finally, after the
above three stages, the last phase of LCA is the interpretation of the results to meet the defined goal and
scope of the study. The life cycle assessment framework is demonstrated in Figure 2.1.

Figure 2.1 - Life cycle assessment framework
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2.2.1 Goal and Scope Definition
The goal of this LCA study is to assess the environmental impacts of bell pepper production in the
greenhouses in the region of Southwestern Ontario. The scope of the study clarifies the functional unit,
which is 1 kg of bell pepper; this is an appropriate functional unit that can be used for other vegetables
as well. In this proposed study, a cradle-to-gate approach is considered as a system boundary, which
includes bell pepper seedlings and their cultivation, climate control (natural gas combustion for heating
and electricity used for cooling, ventilation, and lighting), on-site packaging, and waste management.
The greenhouse infrastructure, storage, distribution, and usage phases of the bell peppers were excluded
from the study since the focus of the study is on the facilities’ activities and operations.
2.2.2 Life Cycle Inventory (LCI)
This is the second phase of the LCA, which involves collecting and evaluating the inputs and outputs of
producing 1 kg of bell peppers in the greenhouse. The required data for conducting this LCA study are
divided into two groups: background and foreground data. The background data includes the
production process of the inputs, such as manufacturing of chemical inputs, production and
consumption of fuel and energy feedstocks, fuel consumption and released emissions of different
transportation modes. The AGRIBALYSE v.1.3 database – a database for agricultural activities
included in the OpenLCA (version 1.8) software – was used to provide the background data. Based on
this database, the energy source for electricity consumption was considered to be the average Ontario
mixture of electricity feedstocks (34% nuclear, 29% natural gas, 23% hydro, and 12% wind, with less
than 1% biofuel and 1% solar) [41]. The foreground data (annual electricity and natural gas
consumption, cultivation periods, water consumption, annual average yield, and total area of the
greenhouse) were collected from the growers through interviews and questionnaires. The other required
foreground data, such as chemical fertilizers, pesticides, growing mediums, and packaging materials,
were collected through observation, sampling, and literature [1,7,10,21]. Table 2.1 demonstrates the
LCI data for 1 kg of bell pepper production. Moreover, Figure 2.2 depicts an LCA system boundary
flow diagram.
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Table 2.1 - The inflows and outflows of the process of 1 kg of bell pepper production in the region of Southwestern Ontario

Nursery
Bell pepper seeds (gr)
Seedlings (items)

0.1
1

Pesticides
Fungicides (kg)
Insecticides (kg)

0.00005
0.00004

Fertilizers
Calcium Nitrate(kg)
Potassium Nitrate (kg)
Potassium Sulphate (kg)
Potassium Chloride (kg)
Magnesium Sulphate (kg)
Ammonium Nitrate (kg)

0.0117
0.0119
0.0015
0.00113
0.00318
0.00412

Energy
Heating – Natural gas (GJ)
Electricity (kWh)

0.256
0.056

Packaging Material
Cardboard boxes (kg)

0.084

Water
Water Consumption (L)

18.4

Waste
Packaging waste (t)
Waste (inorganic, landfill) (t)

0.0000237
0.0000647

Growing Media
Rockwool Substrate (kg)

0.00969
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Figure 2.2 - System boundaries for the life cycle assessment of bell pepper production
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2.2.2.1 Modelling Average Greenhouse Production System
The study area for this study is Leamington in Essex County, Ontario, Canada. Canada emerged as the
largest producer of greenhouse products in North America, with Ontario leading the greenhouse
vegetable sector by representing 69% of the total production and harvested area in Canada. Among this
figure, 33% accounts for the harvested area of bell pepper production producing 438,674 tons per
square meter annually [5]. The typical greenhouse structure in this study area is made from steel,
aluminum, and plastic (polyethylene) as the covering material. These components need maintenance
based on their lifespans. In this study, the lifespans of both steel and aluminum are considered to be 25
years, and with plastic lasting four years. It was assumed that the modeled greenhouse was a 24-acre,
gutter-connected, venlo-type structure located in Essex County, Ontario, Canada. The building has a
gutter height of 5.5 m and a roof slope of 25°. In order to normalize the model, one acre of the
greenhouse was considered to produce 20,000 kg.
2.2.2.2 Bell Pepper Seedlings and Cultivation
When bell pepper seedlings are produced in the greenhouses, the seeds are planted in soil in plastic
trays, then they are fertilized and watered. Seedlings are started in the spring, when the soil temperature
is around 60 F° and are then transplanted in the first month of the winter [42,43]. Based on the average
of the nurseries’ approximate estimations (confidential data), the energy inputs of seedling production
for a typical greenhouse is assumed to be 3% of the annual energy demand for the greenhouse
production of bell peppers. In addition to this, it is assumed that all other inputs – for example, fertilizer
and water – are also 3% of the annual consumption. The necessary operations for bell pepper
cultivation are sowing and seedlings, the fertigation system, closed loop water consumption, pest and
disease control, rockwool consumption, and then harvesting activities. The required energy inputs for
the manufacturing of all the material inputs (i.e., rockwool, fertilizer, pesticides, etc.) are also included.
2.2.2.3 Climate Control
Energy sources for bell pepper greenhouses mainly include (1) electricity for ventilation, cooling, and
lighting systems, and (2) natural gas for heating. Most greenhouses, including the Southwestern Ontario
greenhouses, have fossil fuel-based central heating systems. Natural gas combustion is the most
common type of the fossil fuel used in greenhouses. It merits mentioning that some of the growers use
other types of heating systems, such as bunker oil, hot water, or others [7].
2.2.2.4 Packaging and Waste Management
In order to distribute the bell peppers, they will be packed with plastics and cardboard boxes. These
packaging materials are considered part of the waste produced during the bell pepper production
process. Some of the wastes are related to the greenhouse infrastructure, such as the plastic covering,
which was assumed to be recycled [44]. Another type of waste from greenhouse operations is organic
11

waste, which will be generated during the harvesting activities. The packaging materials and the residue
of the damaged rockwool are considered to be the landfill wastes.
2.2.2.5 Alternative Scenario Description
It has been observed that some of the greenhouses in the Leamington area use only natural gas for
heating, while others have considered using solar energy as a heating source; therefore, two alternative
heating scenarios were modeled based on (1) 100% natural gas and (2) 100% solar energy. In this
proposed LCA study, the reference greenhouse uses 100% natural gas as a heating resource, and the
environmental impacts were assessed based on this assumption. Then, one alternative heating scenario
was modeled based on using 100% solar energy for heating, instead of using natural gas; this was done
to compare the environmental impacts caused by these two energy resources [21].
2.2.3

Life Cycle Impact Assessment (LCIA) Method

The OpenLCA (version 1.8) software was used for the LCA modeling. The TRACI 2.1 life cycle
impact assessment (LCIA) method was used for analysis of the mid-level impacts. TRACI 2.1 is the
only available LCIA method based on North American characterization factors, and it applies Canada’s
2005 normalization factors [45]. According to this impact assessment method, a subset of the impact
categories was chosen to evaluate the effects of the different inputs and outputs of the aforementioned
process on the non-renewable energy sources, health, and ecosystem. The TRACI impact assessment
method will focus on the global warming potential (GWP), acidification potential (AP), ozone
depletion (OD), eutrophication potential (EP), ecotoxicity, and respiratory effects (RE). Table 2.2
shows a description of the TRACI impact categories which were used in this LCA study.
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Table 2.2 - Description of the environmental impact categories of this LCA study
Impact Category

Unit

Acidification

moles of H+-Eq

Ecotoxicity

kg 2,4-D-Eq

Global Warming

kg CO2-Eq

Eutrophication

kg N

Ozone Depletion

kg CFC-11-Eq

SMOG (Photochemical
Oxidation)

kg NOx-Eq

Human Health (Respiratory
Effects, Average)

kg PM2.5-Eq

Description
Acidification leads to increasing the level of hydrogen ion [𝐻 + ] in water
and soil because of some processes [1].
Ecotoxicity will be caused because of toxic chemicals which will be
produced to the environment due to man-made activities and has adverse
effect on the sustainability indicators [46].
Global warming will be caused due to some emissions such as GHG
(greenhouse gas emissions) which will be produced because of some
activities. The GHG trap heat from the sunlight and then reflect it to the
atmosphere [1, 16, 47].
The Eutrophication is the process which leads to enrichment of dissolved
nutrients in the water resulting in growth of algae life, so the oxygen
depletion of the water will be caused [46].
Chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs)
release due to industries and human activities and will destroy the earth's
protective ozone layer which lead to Ozone depletion. The higher rate of
UVB rays will be caused by the ozone depletion [48].
SMOG will be produced because of the reaction between ultraviolet ray
of the sun and nitrogen oxides in the atmosphere. This is harmful for eye
and causes respiratory irrigation.
The respiratory effect is a kind of disease which damages the cells of the
lung tissue because of the pollutants such as radicals, metals, emissions in
the air, etc. [49].

2.3 Results and Discussion
This section presents the overall LCA results, contribution analysis, and alternative heating scenario.
2.3.1 Overall LCA Results
Table 2.3 illustrates the results of the LCIA based on the LCI inputs and outputs. Thus, it outlines the
different factors that impact the environment. The most significant environmental impact is caused by
global warming, which is due to greenhouse operation. Acidification is the next most significant
environmental concern, followed, in order, by smog (photochemical oxidation), human health
(respiratory effects), eutrophication, ecotoxicity, and ozone depletion.
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Table 2.3 - The LCIA results for each single indicator
Impact Category

Unit

Amount

Global Warming

kg CO2-Eq

3.87e-2

moles of H+-Eq

6.4e-4

kg NOx-Eq

1.6e-5

kg PM2.5-Eq

8.5e-7

kg N

6.724e-7

kg 2,4-D-Eq

5.033e-7

kg CFC-11-Eq

8.73e-10

Acidification
SMOG (Photochemical Oxidation)
Human Health (Respiratory Effects)
Eutrophication
Ecotoxicity
Ozone Depletion

2.3.2 Environmental Contribution of Greenhouse Stages
One of the main objectives of this proposed study is analyzing the contribution of each stage of bell
pepper production in the greenhouse. According to Figure 2.3 and Table 2.4, the natural gas for
heating creates the main environmental hazards. With respect to each environmental factor, heat
makes a significant contribution. It contributes to 15% of ecotoxicity and 85% of global warming.
The next significant contributor is fertilizers, which, at its lowest rate, contributes to 8% of global
warming, but 61.5% of ecotoxicity. Electricity and pesticides rank as the third highest, contributing
to between 3% and 15% of six environmental factors, including GW and EC, SM, OD, AD, and EU.
The other contributors, in order, were rockwool, water, waste, and packaging. Based on the database
used, packaging materials are wood-free and have significantly less impact, which is not visible in
Figure 2.3. As depicted in the figure, the main contributor to the environmental hazards is heating;
thus, an alternative heating scenario was defined to address this problem and to conduct a
comparative case study on the environmental impacts of these two types of energy resources.
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Figure 2.3 - Contribution of life cycle impacts of producing 1 kg of packaged bell pepper in the region of
Leamington, Ontario. GW = Global Warming, EU = Eutrophication, AD = Acidification, OD = Ozone
Depletion, EC = Ecotoxicity, RE = Respiratory Effects

Table 2.4 - Contribution analysis of the cradle-to-gate life cycle impacts of producing 1 kg of packaged bell
peppers in Ontario greenhouse.
GW

AD

Smog

EU

EC

RE

OD

Heating

3.29e-2

4.20e-4

1.19e-5

3.23e-7

7.75e-8

6.8e-7

7.01e-10

Fertilizers

3.10e-3

1.15e-4

2.49e-6

9.92e-8

3.10e-7

6.8e-8

3.49e-11

Electricity

1.16e-3

7.04e-5

1.16e-6

1.01e-7

1.51e-8

5.10e-8

7.86e-11

Water

3.10e-4

6.80e-6

3.33e-7

2.48e-8

3.52e-9

4.30e-9

5.24e-12

Waste

1.90e-4

5.00e-6

8.32e-8

3.36e-9

2.52e-2

4.3e-9

3.49e-12

Rockwool

3.80e-4

1.28e-5

1.66e-7

5.17e-8

4.03e-9

3.4e-8

8.73e-12

Pesticides

7.00e-4

1.00e-5

4.99e-7

6.72e-8

9.11e-8

8.5e-9

3.49e-11

Total

3.87e-2

6.4e-4

1.6e-5

6.7e-7

5.03e-7

8.5e-7

8.67e-10

Category
Contributor
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2.3.3 Alternative Heating Energy Improvement Scenario
As demonstrated in Figure 2.3, the main hotspot for creating environmental hazards is the energy
involved in heating the greenhouse. Although the other contributors affect the environment, when
compared to natural gas being used as a heating resource, their impacts are negligible. One of the
aims of this study is to provide an alternative heating scenario, as well as comparing its results to
when natural gas is used as a heating resource. The offered alternative uses 100% solar energy for
heating the greenhouse. In order to analyze the environmental impacts of this alternative, another
assessment was done using the same software and databases (OpenLCA v.1.8 and AGRIBALYSE
v.1.3) based on ISO 14044 framework.
As shown in Figure 2.4, solar energy was substituted for natural gas as a heating source for the
greenhouse, and, based on this change, the environmental impacts caused by the natural gas were
eliminated. This left fertilizers as the largest contributor to environmental hazards, ranging from
55% to 64% in each of the environmental categories. Thus, after addressing the use of natural gas,
fertilizers became the central environmental concern. The next main contribution to environmental
hazards was electricity, which contributed between 16% and 24% in each of the categories. The
contribution of pesticides was next after electricity, contributing between 12% and 18% of the
environmental categories. The other contributors, in order, were rockwool, water, waste, and
packaging.
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Figure 2.4 - Contribution analysis of life cycle impacts of substituting natural gas with solar energy for the
heat supply. GW = Global Warming, EU = Eutrophication, AD = Acidification, OD = Ozone Depletion, EC =
Ecotoxicity, RE = Respiratory Effects

Table 2.5 shows the improvement rate for each environmental category when solar energy was
utilized as the main heating resource for the greenhouse operations instead of natural gas. As
depicted in the table below, substituting solar energy for fossil fuel will result in reducing global
warming – the main environmental harm – by 78.4%. Also, this alteration can reduce the other
environmental categories, such as respiratory effect, ozone depletion, and smog, by around 70%. The
improvement rates of the other environmental categories, acidification, eutrophication, and
ecotoxicity, are 49%, 39%, and 22%, respectively.
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Table 2.5 - Comparison of results between using solar energy and fossil fuel as heating resources
Impact Category

Unit

Solar Energy

Fossil Fuel

Global Warming

kg CO2-Eq

8.00e-3

3.7e-2

Improvement Rate
(%)
78.4

Moles of H+Eq
kg NOx-Eq

3.20e-4

6.3e-4

49.2

4.68e-6

1.603e-5

70.8

kg N

4.10e-7

6.724e-7

39.0

Ecotoxicity

kg 2,4-D-Eq

3.93e-7

5.033e-7

21.9

Human Health (respiratory effects)

kg PM2.5-Eq

2.20e-7

8.5e-7

74.1

Ozone Depletion

kg CFC-11-Eq

2.50e-10

8.73e-10

71.4

Acidification
SMOG (Photochemical Oxidation)
Eutrophication

2.4 Conclusion
As the population grows, the demand for foods like vegetables increases as well. Modern agriculture
plays a significant role in supplying these requirements and providing food security. The aim of this
study was to (1) determine and identify the direct and indirect environmental impacts of greenhouse
bell pepper production in Southwestern Ontario; (2) investigate the activities/processes in the life
cycle that are responsible for the major environmental burdens (i.e., hotspots); and (3) represent
different production scenarios which can reduce the environmental impact caused by the hotspots.
The results demonstrate that global warming is the main environmental hazard among the other
environmental categories. Furthermore, natural gas, a type of fossil fuel that is used as the energy
source for heating the greenhouses, was the main contributor to the global warming by contributing
around 85%. Also, it is a significant contributor to other forms of environmental harm, with amounts
ranging from 15% to 85%. This conclusion underscores the importance of studying the effects of
energy alternatives on the environment. Thus, the proposed study suggests utilizing renewable
energy (such as solar energy) as the heating resource instead of natural gas in order to reduce the
environmental impacts. It was demonstrated that adopting this alternative can lead to eliminating the
environmental hazards of using natural gas in the greenhouses. Moreover, the amount of
environmental harm can reduce significantly, including 22% for ecotoxicity and 74% for global
warming. Therefore, by using renewable energy instead of fossil fuels, greenhouses can develop a
more sustainable model for modern agriculture. Further study is required, however, to investigate the
feasibility of utilizing solar energy in the greenhouses’ systems. As a future study, one can conduct a
life cycle costing (LCC) analysis on using solar energy as the main heating source for greenhouses.
The LCC can help determine if this alternative can be economically sustainable or if other actions
are needed to be applied by the industry to make it more sustainable.
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Hybrid Solar Thermal/Photovoltaic-Battery Energy Storage System in a Commercial
Greenhouse: Performance and Economic Analysis
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3.1 Introduction
In cold climate regions, like Canada, a short growing season makes it challenging to meet vegetable
demand year-round unless they are produced in greenhouses [1]. Southwestern Ontario has the
highest density of the vegetable greenhouses in North America which has been expanded by 49%
since 2012 [3],. Moreover, a multi-decade trend of growth is anticipated for the acreages of the
greenhouses in this region [2].
This rapidly expanding sector will demand significant energy for heating and electricity.
Specifically, in the Kingsville-Leamington region, it was predicted that the electricity demand will
be increased by more than 200 percent from 2018 to 2024. According to IESO, it was expected the
Ontario’s greenhouses electricity consumption increase 180 percent from 1.4 TWh in 2018 to 3.9
TWh by 2024 [4]. Most of the energy needed for the heating is supplied by the province’s fuel
sector, and the required electricity is met mostly by the grid [5]. The combined economic and
environmental costs associated with fossil fuels have increased interest in the concept of renewable
energy technologies to meet both heat and electricity demands. Although the grid electricity system
in Ontario is 95% carbon-free, transmission constraints have limited the ability of the grid to meet
the planned massive sector expansion [6]. Among all the renewable resources, solar energy has
gained particular attention owing to its abundance, environmental profile, and falling costs [7]–[11].
Solar systems can provide both electricity and heating depending on the technology used. Solar
thermal (ST) collectors can provide heat to cover the heating load, and photovoltaic (PV) modules
can provide electricity to meet the electrical loads.
Many researchers have evaluated PV and ST systems as stand-alone systems [13]–[20] and have
largely only analyzed simultaneous PV and ST systems on smaller scale applications (i.e.
residential, smaller commercial). Liao et al. [21] studied the economic benefits of a distributed
system with PV and BES on the overall life cycle in the context of an industrial zone in Shanghai. It
was concluded that the net present value (NPV) of a PV‐BES system with an optimised
configuration is higher than the NPV of a PV system alone. Sharadga et al. [22] presented a study on
PV/T system which is a combination of solar photovoltaic cells and solar thermal collector. The
hybrid system uses the cooling water of a concentrated PV/T as a preheated water for lithium
bromide‐water‐based Kalina cycle. It was concluded that a) the overall efficiency range increases
from 18%-23% to 22%-27% by combining PV/T with the proposed solar Kalina cycle and b) the
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electrical conversion efficiency of the proposed system is 40% to 68% more compared to PV/T
alone system. Here we consider the side-by-side configurations of PV and ST systems for an
industrial scale greenhouse. We do not consider PVT technology in this study. For reference, sideby-side configurations of PV and ST systems have had many applications in net-zero energy houses
(NZEH). For instance, Croxford and Scott [23] compared two solar systems for a residential block in
London, UK. They examined two solar systems, called the nominal solar thermal system, and
building integrated photovoltaic roof. The nominal solar thermal system consisted of solar panels,
electric pumps, and a PV system to meet the electricity demand of the pumps. The building
integrated PV roof consisted of 13.3 kWp PV panels and inverters. Both PV and ST systems
demonstrated the potential to contribute significantly to supply residential energy demand and
reduce CO2 emissions. According to the results, the carbon payback for ST and PV systems was 2
years and 6 years, respectively. The carbon payback is the number of service years required to offset
the carbon emissions generated to manufacture the PV and ST systems [24]. Leckner and
Zmeureanu [25] presented the life cycle cost and life cycle energy analysis of a NZEH that had
several combinations of PV and ST. They showed that a combination of 4 flat-plate solar collectors
and 35.8 PV modules could supply14,000 kWh, (requirement of their subject NZEH). Based on their
results, it is technically feasible to reach the goal of NZEH even in the cold climate of Montreal.
Rodríguez et al. [26] assessed the energy performance, CO2 emissions, and economics of several
designs of PV, ST, and natural gas internal combustion engines for residential buildings in five
different locations in Spain. Likewise, Testie et al. [27], [28], proposed an optimal design method for
the configuration of PV, ST, and solar thermal energy storage for a nearly zero-energy building
(NZEB) in Italy. They examined the energy and economic aspects of the solar system. Building on
this research, Ascione et al. [29] used a genetic algorithm to optimize the configuration of PV, ST,
and heat pump systems for an NZEB in Italy. Their optimal mix minimized the primary energy
demand and investment cost.
PV and ST systems can be used in other applications, such as domestic hot water systems (DHWS)
[30], evaporators [31], and cold storages [32]. For example, Mustaka [30] used PV and ST systems
in DHWS applications. This study included performance and economic comparison between a
conventional installation of PV and ST with both glazed and unglazed PVT liquid collectors [30].
Building roof areas of 100 m2 were considered for all systems in the analysis. The study found that
the solar system with the unglazed PVT collectors did not compete with the conventional combined
installation of PV and PT for this SDHW application. They concluded that unglazed PVT collectors
were not economically applicable in the SDHW systems they studied. Mustaka demonstrated that
market prices for glazed PVT collectors need to come down by about 50% to meet the payback
requirements of their study [30]. In another small scale study, Gunasekar et al. [31] used an artificial
neural network (ANN) model to predict the energy performance of a PVT evaporator used in solar
assisted heat pumps.. The study considered the effects of four ambient parameters—solar intensity,
temperature, wind velocity, and relative humidity—on the energy performance of parameters,
including evaporator heat gain, solar energy input ratio, PV panel efficiency, and panel surface
temperature. Results show that the influence of wind velocity and relative humidity were less than
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solar intensity and ambient temperature. Basu and Ganguly [32] proposed a solar system
consistingof PV and ST for the design of a potato cold storage facility. The energy performance of
the system was evaluated over a year, and an economic analysis was performed to verify the
financial benefits of the proposed system. They found that the proposed system provided a net
annual energy surplus of about 36 MWh, and payback periods were less than four years.
ST and PV systems also see use in medium to large scale applications. Kim et al. [32] developed a
multi-criteria decision support system for PV and ST systems using a multi-objective optimization
algorithm. A database of the variables affecting the solar system performance, such as geographical
information, meteorological information, solar angles, etc., was established based on available
regional data in South Korea. The algorithm was able to find the optimal PV and ST system
configurations based on energy performance, economics, and environmental assessment of the
system. Mousa et al. [33] provided a life-cycle assessment (LCA) methodology to assess the
environmental impacts of ST and PV technologies. The life-cycle energy and environmental impacts
of PV versus ST systems were analyzed to find the best techno-environmental solution to meet the
heating load of medium-scale industrial units (i.e. on the order of 100 kW). The results indicated that
ST systems have a lower embodied energy payback time (EPBT) in locations with high direct
normal irradiance than a PV system. However, in terms of the greenhouse gas emission payback
times, the results did not reveal an advantage for either ST or PV technologies. In other studies
[35][36], options ranging from 100% PV to 100% ST were conducted to identify the best mix for
industrial process heat applications were studied. It was revealed that a mix of ST and PV in the
side-by-side configuration improved performance, the levelized cost of energy (LCOE), and the
environmental payback time.
In the previous studies highlighted here, there were no considerations of the trade-off problem that
occurs when the PV and ST systems are integrated with a BES system. Moreover, previous studies
have not focused on modern commercial greenhouses. In this study, a solar hybrid (ST/PV-BES)
system designed to meet the heating and electrical load of a commercial greenhouse Ontario, Canada
will be technically and economically evaluated. Side-by-side PV and ST configurations are
investigated in this study. The total annual energy performance of the system is estimated using
TRNSYS simulation software, version 17. The relative influence of different economic parameters
on the cost competitiveness of the proposed ST/PV-BES system is also considered. Finally, the
effect of financial incentives such as carbon tax and Large Renewable Procurement (LRP) rates on
the economics of system design are also evaluated.
3.2 Methodology
In this study, a dynamic simulation of the ST/PV-BES system was implemented in TRNSYS. The
performance of the system during a one-year operation was evaluated. TRNSYS “Transient System
Simulation Program”, is a simulation environment for the transient simulation of energy systems
[37]. In recent years, there has been an increasing interest in the development of transient energy
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models in the agricultural sector [38]. TRNSYS as a complete and extensible simulation
environment has been a popular choice for many researchers [39]–[44]. In this section the reference
greenhouse specifications are described. Then inputs of the transient model of the solar system will
be introduced. These inputs are the hourly meteorological load and hourly energy consumption of
the greenhouse including heating and electrical loads. Finally, the details and working flow of
ST/PV-BES subsystems will be discussed.
3.2.1 Reference greenhouse
The reference 24 acre greenhouse is located in Essex County, Ontario, Canada, a region with a cold
climate. The Venlo-type structure has a gutter height of 5.5 m and a roof slope of 25°. The
greenhouse produces bell peppers.
3.2.2 Meteorological information
The Weather Data Processor is used to supply climate data to the model. Data is pulled from the
Canadian Weather for Energy Calculation (CWEC) dataset for Windsor (latitude of 42.32°N and
longitude of 83.03°W). The CWEC dataset contains hourly weather information for an artificial oneyear period composed of twelve typical months selected from the Canadian Weather Energy and
Engineering Datasets (CWEEDS) – a 30 year compilation [45], [46]. The input weather data
consists of hourly dry bulb temperature, total horizontal radiation, beam radiation, diffuse radiation,
total tilted radiation, angle of incidence for the collectors, and ground reflections. CWEC dataset
contains both bright and overcast days and combinations of the two [47]. This dataset has seen wide
application in heating load calculation and solar system design [48].
3.2.3 Annual energy consumption
The greenhouse requirements of thermal and electrical energy are evaluated according to internal
loads and external climate conditions. The hourly load profile is useful for properly designing and
sizing of the greenhouse solar energy system and providing accurate data for effective computer
simulation.
3.2.3.1 Heating load
For calculation of the heating load, in order to normalize the model, 1 acre of the greenhouse is
simulated. This acre consists of 10 bays, each with a width of 5m. To evaluate the thermal conditions
near and far from the crop, two lower and upper thermal zones were considered [49]. The height of
the lower zone is 3.5 m. A plug-in called TRNSYS3d for Google SketchUp™ is used to input the
geometric information into the building model. The SketchUp schematic is shown in Fig. 3.1.
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Figure 3.1- 3-Dimensional Greenhouse Model in Google SketchUp
Type 56 was used to model the thermal properties of the greenhouse. It is a multi-zone building in
the sub-program TRNBuild. The infiltration ratio was assumed to be in the range of 0.5-1.5 ACH
[50]. The day and night set-point temperatures for the bell peppers were 22°C and 18°C,
respectively. This night set-point temperature is increased 1 °C / hour in the early morning hours to
reach the day set-point temperature prior to the sunrise. Morning pre-heating is supplied between 3
am and 6 am year-round, regardless of the indoor temperature. From Mid-November to January, the
indoor temperature is maintained above freezing at about 5 °C as there are no crops in the
greenhouse [49]. The heating system of the reference greenhouse has an assumed overall efficiency
of 75% [49]. It consists mainly of hot water piping located near the floor and the top of the fully
grown crops. When the inside temperature or relative humidity exceeds 25 °C and 85% respectively,
the ventilation system activates, providing 60 ACH. Air-inflated, double-polyethylene is used to
cover the roof and walls of the greenhouse. The heat transfer coefficient of the greenhouse cover was
set at 5 W⁄m2 . ℃ which is in the range of values reported by others [51]. Typically doublepolyethylene film has a light transmittance of 75% [52].
The sensible heating demand of the 1-acre greenhouse was calculated in TRNSYS over a full year
with a timestep of 1 hour. The profile was multiplied by 24 to develop the profile for the 24-acre
greenhouse. The sensible heating demand in the greenhouse must be provided by the heating system.
The hourly sensible heating load profile for the modeled greenhouse is shown in Fig. 3.2. The
system requires the hourly heating demand as an input. According to Fig. 3.2, the mid-January peak
hourly demand is around 16.5 MWh. Morning pre-heating loads were set at 8.3 kWh. Crop
termination is the reason for the low energy demand in November and December.
The monthly sensible heating demand is illustrated in Fig. 3.3 and it is compared with the actual data
from the reference greenhouse. A good correlation is observed between actual and modeled data.
The total annual heating energy demand for the modeled greenhouse was determined to be 36110
MWh which is within about 5% of the actual data. This value is equivalent to 370 kWh/m2 annual
energy consumption for the heating load. The good correlation between the monthly values of the
heating demand supports its use for the thermal energy storage system design.
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Figure 3.2- Hourly heating demand of the greenhouse from TRNSYS Model
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Figure 3.3- Actual and modeled monthly heating demand of the greenhouse
3.2.3.2 Electricity load
Based on the data from the grower, the electricity is used for the following purposes in the reference
greenhouse:
-

Irrigation: the irrigation system in the greenhouse is a drip irrigation system. Watering events are
scheduled based on the crop size and season. The water demand of crops changes as the crop grows
from seedling to mature crop and in between seasons. Actual data for irrigation flows of 5 minutes
time spans over 1 year were used to estimate the hourly electricity consumption of the pumps in the
irrigation system. The pumpset has a maximum capacity of 210 m3/hr. Two pumps are rated at 22
kW, there are two 11 kW pumps, and one 2.2 kW pump are required to maintain the system pressure
equal to 50 psi. During the summer days, watering starts from 30 minutes after sunrise to
approximately one hour before sunset. Every watering event takes 8-20 minutes. The frequency of
28

the watering events in the summertime is varies from 2 (start and end of the day) to 4 (close to the
noon) times in one hour. During the wintertime, this value changes to approximately 4 times a day.
-

Heating: As mentioned before, the heating system of the reference greenhouse is a hydronic system
based on boilers. The heating system distributes the heat via hot water, which gives up heat as it
passes through pipes throughout the greenhouse. The cooled water then returns to the boiler to be
reheated. The fuel for the boilers is natural gas. Three 7.5 kW boiler circulation pumps circulate
water within the boiler to enhance boiler operation. One 22 kW transport pump and two 18.5 kW
transport pumps push water out of the zones. Eight 2.2 kW tube rail pumps and eight 1.1 kW grow
pipe pumps circulate hot water in the greenhouse. The transport pumps are on frequency drives.
Thus, they can run anywhere between 30-100% capacity depends on the greenhouse heating
demand. All other pumps are either on or off.

-

Light: The reference case is a traditional greenhouse without artificial growing lights. Thus, the only
light which is needed is that of warehouse lighting. A light with a 0.3 W/m2 intensity of was
assumed during dark hours.

-

Other items: leach return pumps, ventilation fans, shade and thermal curtain motors, and some
electrical appliances used in the greenhouse are grouped under other items. The reference
greenhouse has a complete recirculating system. Thirty percent of over drain was considered in the
summer months in this study. The electricity needed to run leach return pumps was calculated based
on the power that needs to be supplied to remove the volume of the water leaches. The first half
(15%) happens at 10 am and the second half (15%) happens at 2 pm. To find the ventilation
requirement, a moisture and energy balance of the greenhouse was required. Elements of the heating
load calculation were also used to find the ventilation fans schedule. The calculation of fan
electricity load was based on the requirements to maintain 60 ACH. Two types of curtain operate in
the greenhouse: thermal curtains and shading curtains. Thermal curtains add additional thermal
boundaries and reduce the volume of the greenhouse that needs to be heated. When solar radiation is
less than 5 W/m2 (0.018 MJ/m2hr), the thermal curtain is closed [49], and when it is more than this
threshold it opens. For the shade curtain, when the solar radiation is more than 2 MJ/m2hr, it is
closed, and when it exceeds this value, it opens. The list of electrical appliances, their wattage, and
their usage schedule was provided from the grower. These electrical appliances are the air
compressors, packing line motors, high-pressure spray motors, bag machines, box machines, garage
doors, and UV machines. The electricity used to charge two forklifts, two power bees, two golf carts,
and 31 scissor karts was also calculated.
Based on the above information, the hourly electricity demand of the greenhouse was developed to
be used as an input to the system. The profile is shown in Fig. 3.4. The profile has a maximum value
of 240 kW. The hourly electricity consumptions of a typical summer and winter day are compared in
Fig. 3.5. During the night, the electricity consumption in the wintertime is more than that in the
summertime. The reason is that pumps are running full for a longer period during the cold nights. On
the other hand, during the day, higher electricity consumption is observed in the summertime.
Higher harvesting activities contribute to this.
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Figure 3.4- Hourly electricity demand of the greenhouses
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Figure 3.6- Actual and estimated monthly electricity demand of the greenhouse
Figure 3.6 compares the monthly electricity consumption from the developed hourly profile and
electricity demand based on the greenhouse monthly usage data. These profiles reveal a good
correlation. Based on the real data, the total electricity demand in the reference greenhouse was 1120
MWh. The developed profile gives a value of 1135 MWh for an annual electricity consumption. The
difference is negligibly small at 1.4%. Therefore, based on the developed profile, the average annual
electricity demand of the greenhouse is 11 kWh/m2. Fig. 3.7 illustrates the annual breakdown of
electricity consumption for the greenhouse. As shown in the figure, electricity for running the
heating system represents the largest portion, that is more than half. The second largest portion is
other items, with 20% of total electricity consumption. Electricity for irrigation is also a major draw.
As it is a conventional greenhouse without growing light, the electricity for lighting accounts for
only 9% of the total electricity consumption.
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Figure 3.7- Annual breakdown of electricity consumption

Figure 3.8- Breakdown of electricity demand in a) April to September and b) From October to
March
Fig. 3.8 compares the breakdown of electricity consumption in warm months and cold months. More
than three quarters of electricity goes for heating in the wintertime in contrast to only 41% in the
summertime. In the wintertime, the sum of light, irrigation, and other items only makes up one
quarter of the total electricity usage. In the warm months, the portions of heating and other items are
almost the same due to harvesting and other items. Clearly, irrigation and leachate draws are higher
in the warm months. The electricity for warehouse light in warm months is less than cold months
because of the shorter night.
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3.2.4 Solar System Description
An analysis of the ST/PV-BES system model was developed to calculate the solar energy harvesting
rates. Dynamic simulation of the system is carried out using TRNSYS software version 17. System
simulation was made for 1 year using a simulation time step of 1 hour.
The solar system consists essentially of 2 main subsystems:
(1) ST subsystem
(2) PV-BES subsystem
The main subsystems and their components included in the hybrid scheme are shown in Fig. 3.9.
The ST subsystem operates to meet the heating load. Solar collectors, which convert the incident
solar radiation into heat, are the key components of the ST solar systems. The harvested heat is
carried by the working fluid for greenhouse space heating; and is stored in a tank to be restored at
nights or cloudy days. The auxiliary system burns natural gas. The PV-BES subsystem operates to
cover electricity demand. The PV panels first meet the load, while the electricity surplus is directed
to the BES system, until it is fully charged. Then, the extra electricity is sold back to the grid. In
contrast, during the night or low irradiance conditions, the BES supplies the electricity deficit until
its state of charge (SOC) falls to its minimum level. Then the grid supplies the shortfall. In the
following section, the components of the solar system are explained.

Figure 3.9- Schematic diagram of the main components of the solar system
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3.2.4.1 ST subsystem
The thermal part of the solar system is responsible for satisfying the heating load. The STE system
consists the following elements:
Flat-plate solar collectors: For low to medium temperature applications, flat-plate solar collectors are
used [53]. The solar collector array consists of units connected in both series and parallel. The tilt
angle of the ST collector was optimized for the latitude of the location [26]. A solution of 50%
propylene glycol and water was assumed to be circulated through the collector loop to prevent
wintertime freezing [54]. The specific heat of working fluid has been assumed equal to 3.6 kJ/kg°C
[44]. Type 1c was used to model the performance of the flat-plate solar collector. The flat plate solar
collector model in TRNSYS is based on a quadratic efficiency equation [55]. This equation is the
generalization of the Hottel-Whillier equation.
(ΔT)
(ΔT)2
η= a0 -a1
-a2
ΙT
IT

(1)

ΔT is the difference of the Inlet temperature of the fluid to the collector and ambient air temperature;
ΙT is the global radiation incident on the solar collector; and a0 , a1 , and a2 are the intercept
efficiency, efficiency slope, and efficiency curvature, respectively. The values of a0 , a1 , and a2 are
obtained from product certification data [56]. The area of each selected module is 1.865 m2. The data
used for the flat-plate solar collector is summarized in Table 3.1. The Incidence Angle Modifier
(IAM) was supplied in an external file to account for the effect of the inclination of solar irradiance
with respect to the surface of the solar collector.
Table 3.1- Flat-plate solar collector parameters
Main Parameters
Value
Unit
Working Fluid Specific Heat
3.32
kJ⁄kg K
Intercept Efficiency
0.604
Efficiency Slope
3.73
kJ/h m2 K
Efficiency Curvature
0.0086
kJ/h m2 K2
Tested Flow Rate
32
kg/h m2
Heat exchanger: Because the working fluid in the solar collector loop is an anti-freeze, a heat
exchanger was necessary to transfer heat absorbed in the collector by the fluid to the water in the
water tank. An external heat exchanger was used in this simulation. The counter-flow heat exchanger
of TRNSYS Type 91, which relies on an effectiveness minimum capacitance approach, was used.
The heat exchanger effectiveness is assumed to be 0.8 [57]. In the constant effectiveness mode, the
maximum possible heat transfer is calculated based on the minimum capacity rate fluid and the cold
side and hot side fluid inlet temperature.
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Hot water storage tank: TRNSYS Type 534 was used to model a cylindrical tank [58]. The modeled
tank was divided into five isothermal temperature nodes to model the stratification. The total
volume of the water tank was set to 100 l/m2 of the solar thermal collector area in all cases. The tank
height to diameter ratio is 2:1. The connections were placed at the top and bottom of the tank.
Circulating pumps: TRNSYS Type 3 was used to model variable speed pumps. This type computes
the maximum flow capacity and the mass flow rate. The maximum flow capacities in all cases were
specified based on the ST system size. The mass flow rate is determined based on a variable control
function from controllers.
Controllers: On/Off differential controllers were used for each circuit, receiving inputs of the fluid
temperature that exits the collector, the temperature of the bottom node of the water tank, the cut-off
temperature of the system, and the availability of the heating demand. Based on the receiving inputs,
controllers generate an output control function which may be On (1) or Off (0) to switch pumps on
or off.
Heating load: TRNSYS Type 682 was used to impose the calculated heating load on the flow stream
exiting the solar thermal system. This type acts as an interaction point between the greenhouse and
the solar thermal system.

3.2.4.2 PV-BES subsystem
The objective of the hybrid grid-connected PV-BES system is to serve the electrical load. This
subsystem consists of the following elements:
PV arrays: PV arrays convert sunlight into DC electricity. An equivalent circuit model was used to
model a poly-crystalline PV panel using TRYNSYS Type 94. A maximum power point tracker
(MPPT) algorithm that finds the maximum power point automatically is also included. MPPT forces
the PV array to operate at the point of maximum power along its IV (current vs voltage) curve [59].
The PV panels slope is set to 42 degrees in accordance with the local latitude [60]. The electrical
data and temperature characteristics of the PV panel are shown in Tables 3.2 and 3.3 based on the
selected product datasheet [61]. Selected modules are 330 Wp with an area of 1.94 m2. All data are
for standard test conditions of an irradiation of 1000 W/m2 and cell temperature of 25°C. For the
Tau-alpha product, a value of 0.9 was used [62]. The poly-crystalline bandgap is equal to 1.12 eV.
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Table 3.2- PV panel electrical data
Main Parameters
Value

Unit

Nominal Max Power (Pmax)

330

W

Opt. Operating Voltage (Vmp)

37.2

V

Opt. Operating Current (Imp)

8.88

A

Open Circuit Voltage (Voc)

45.6

V

Short Circuit Current (Isc)

9.45

A

Table 3.3- PV panel temperature characteristics
Main Parameters
Value
Unit
Temperature Coefficient (Pmax)

-0.40

%/°C

Temperature Coefficient (Voc)
Temperature Coefficient (Isc)

-0.31
0.05

%/°C
%/°C

Battery energy storage (BES): BES systems smoothen the mismatch between the occurrence of peak
load and the maximum power generated by the PV arrays [15], [63]. There are many types of BES
systems available, including lead-acid, nickel-cadmium, nickel hydride, and lithium. Several studies
have been conducted to evaluate different battery types based on their features. They each have their
own advantages and disadvantages which makes them the optimized choice for a specific application
[62]. In particular, deep-cycle lead-acid batteries are the most common choice for energy storage in
most PV applications [63] owing to their low cost, the maturity of technology, and availability in the
market [18]. Therefore, they were also selected to be utilized in this study. It should be mentioned
that the lead-acid batteries are modeled with TRYNSYS Type 47 using the Hyman and Shepherd
equations. The capacity of each cell was 2.568 kWh based on the selected product [64]. The
charging efficiency is the ratio of the discharge over the charge [65]. This value was assumed to be
90% [66].
Inverter and regulator: The solar arrays deliver power to two power conditioning devices. The first
device is a regulator, distributing power to the battery bank, grid, and the load with a 92% efficiency
[65]. The second one is an inverter, converting the direct current (DC) electricity output of PV arrays
into alternating current (AC) electricity needed by electrical appliances with a 96% efficiency [67].
These two components are represented by TRYNSYS Type 48b. Type 48 simulates a power
regulator and inverter that can be used in connection with PV array, battery, load, and grid. Type48b
(mode 1) is a maximum power point tracking regulator/inverter. This type can monitor the battery
SOC.
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The mode of operation in the proposed system was partial charging. In this mode, the first priority is
meet the load with the electrical output of the PV arrays, and the surplus is directed to charge the
batteries. Electricity exchanges with the grid were permitted, yet the battery charging directly from
the grid was not allowed. SOC is an important parameter to evaluate the charge control of the
battery. This parameter is used to protect the battery from over-discharging and over-charging
conditions [68]. The low limit on SOC was 20% and high limit on SOC was 100%. Thus, the Depth
of Discharge (DOD) in this case was equal to 80%. Table 3.4 summarizes the battery and
regulator/inverter parameters used in the simulation.
Table 3.4- Battery and inverter/regulator parameters in the PV subsystem
Main Parameters
Value
Inverter Efficiency
0.96
Regulator Efficiency
0.92
Battery type
Lead-Acid Battery
High limit on FSOC
1
Low limit on FSOC
0.2
Cell Capacity
2.568 kWh
Battery charging efficiency
0.9
3.3 Economic model
The economic analysis examined: the time value of money, replacement costs, and inflations. The
levelized cost of energy (LCOE), life cycle savings (LCS), and Payback Period (PBP) for varying
capacities of ST collectors, PV modules, and BES were calculated.
3.3.1 Economic Assessment Method
LCOE is a widely adopted method to assess the economical feasibility of renewable energy systems.
This method has been used in many studies [15], [35], [69]–[71]. Levelized cost of energy (LCOE)
is an economic assessment of the total cost to build, maintain, and operate a power generation
system over its lifetime divided by the total energy output of the system over its lifetime [15]. It
represents the equivalent energy cost for heating and electricity that makes the revenues equal to the
costs during the lifetime of the solar system (ST/PV-BES). Revenues and costs are discounted and
affected by inflation [71]. This parameter provides the unitary cost of the produced energy and
enables a comparison between different size of PV and ST modules and BES system. The PV and
ST system life span was assumed 25 years [33].
The following, Eq. (2), introduces the LCOE.
25

25

n-1
ST
ST
n-1
(CPV
(EPV
i +Ci )(1+i)
L +EL )(1+i)
)⁄∑
LCOE= (C0 + ∑
(1+d)n
(1+d)n
n=1

n=1
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(2)

Capital cost of the project consists of the costs of ST system and PV-BES system. Thus, C0 is the
ST
sum of CST and CPV . The total annual cost of the solar system (CPV
i and Ci ) can be calculated based
on Eqs. 3 and 4.
E
O&M
R
S
CPV
i =Ci, PV +Ci, PV +Ci, PV -Ci, PV

(3)

f
O&M
CT
CST
i =Ci, ST +Ci, ST +Ci, ST

(4)

In these equations the annual electricity costs to buy from the grid, annual operation and
maintenance costs, replacement costs, and annual carbon tax payment for natural gas consumption
were considered when calculating the total annual cost of the solar system. In Eq. 2, the possibility
ST
of the selling electricity to the grid was considered. EPV
L and EL are the annual electricity generation
of the PV-BES system and annual energy production of the ST system, respectively.
The LCS is defined as the difference between the life cycle cost of a conventional fuel-only system
and the life cycle cost of the solar plus auxiliary system [72]. In this study, LCS represents the total
value that will be saved during the entire solar system lifetime by using ST/PV-BES system plus
auxiliary system and grid as back-ups, instead of using natural gas for heating and grid for supplying
electricity. To assess life cycle savings, the PW of solar savings at the end of every year (n) in a 25year duration with the discount rate (d) is obtained based on Eq. (5) [73]:
25

LCS=-C0 + ∑
n=1

Solar Savings
(1+d)n

(5)

In this equation, C0 is the total capital cost, which is the sum of CST and CPV . Solar savings for the
ST and PV-BES subsystems are defined by Eq.6.
S
O&M R
Sa
CTS
O&M
Solar Savings=(CSa
i,PV +Ci,PV -Ci, PV -Ci, PV )+(Ci, ST +Ci, ST -Ci, ST )

(6)

There are many definitions for the Payback Period (PBP). Here, PBP is defined as the time needed
for the cumulative solar system savings to become equal to the initial investment [72]. This time is
obtained with discounting the solar savings.
3.3.2 Financial Incentives
According to the report of IEA [74], governments have a major role to increase penetration of solar
energy, through their support in innovative research and development, but more importantly through
the development of appropriate market conditions and development of incentive policies to support
market creation. Two incentive policies in Ontario were applied in this study: Carbon tax and feed-in
tariff (FIT)/ large renewable procurement (LRP). Carbon tax was assumed at a rate of 20 $/ton of
equivalent (CO2e) emissions [75]. The annual growth of the carbon tax was assumed to be 3%. The
natural gas emission factor is 0.055 ton CO2/GJ [26], [76]. Based on Ontario’s grid statistics [77],
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only a small portion of the electricity from the grid is sourced from fossil fuels. Thus, carbon tax was
not applied to the electricity purchased from the grid. Ontario’s Feed-in Tariff (FIT) was established
to encourage the penetration of renewable energy in Ontario [78]. The FIT program is available to
renewable energy systems generally smaller than 500 kWp [79]. For the larger projects, the Large
Renewable Procurement (LRP) program, which has a competitive bidding process, was created [80].
It was assumed that the electricity could be sold back to the grid (LRP rate) with the same price of
buying electricity from the grid.
3.3.3 Economic Assumptions
For the ST system, flat-plate solar collector price was assumed to be 250 $/m2 [81][82]. It was
assumed that the water tanks, pumps, and piping system of the current heating system could be used
for the solar system and no extra costs were considered for these components. The PV-BES system
capital cost includes several considerations. Photovoltaic costs were assumed to be 1.9 $/kWp for
PV model, inverter, and installation. The PV price was assumed at 325 $/m2. Based on the price
analysis of the lead-acid battery, the price was assumed to be 150 $/W. For the battery charge
controller and MPPT, the price was equal to 0.06 $/W. The costs of battery, charge controller and
MPPT are estimated based on the local product datasheets. Replacement of battery bank, inverter,
MPPT, and regulator were included in the PV-BES operation and maintenance costs every 10 years
[69]. The energy output from the PV system depends on the degradation rate of the modules. The
annual degradation rate of poly-crystalline was estimated at 0.5% [69]. The yearly operation and
maintenance cost for ST and PV-BES subsystems was assumed to be 1% capital cost [83].
The natural gas price was assumed at 7 $/GJ based on the average value in Ontario [84]. Based on
the greenhouse electricity bill, electricity cost was assumed at16 cents/kWh. Market discount rate
was assumed to be 2.5%. Average inflation rate for all economic factors including fuel price,
electricity price, and annual operation and maintenance costs was assumed 3%. Table 3.5
summarizes the assumed values for economic parameters.
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Table 3.5- Base economic conditions considered for optimization study
Main Parameters
Value
Unit
Solar system lifetime
25
Years
Flat-plate solar collector price
250
$/m2
PV system price (Module, Inverter, Installation)
1.9
$/kWp
Battery price
Battery charge controller and MPPT
Replacement Period (Battery, Inverter, Battery charge
controller)
Operation and maintenance costs

150
0.06
Every 10 years

$/Wh
$/Wh
-

1% Capital Cost

-

Annual PV system degradation ratio
Natural gas price
Electricity price to buy from the grid
LRP rate
Market discount rate
Average inflation rate
Carbon tax
Cost functions

0.5
7
0.16
0.16
2.5
3
20
LCS, LCOE, PBP

%
$/GJ
cent/kWh
cent/kWh
%
%
$/ton
$/ton

3.4 Study Plan
The study is carried out considering different system configurations to assess their impact on the
system economics. Greenhouse area footprint is 24 acres. It was assumed that 100% of the
greenhouse’s footprint could be devoted to the solar energy harvesting system. In order to have a
shadow-free solar harvesting field, the spacing between solar modules was carefully considered. The
ratio between the required surface on the ground and the solar collector area was assumed to be 3
[71]. The ground area is shared between PV arrays and ST modules with varying proportions.
Different system configurations were studied to seek the most economic option. PV system size, ST
system size, and BES size are varied in each configuration. PV and ST modules are considered in 3
variants differing in the ratio of PV and ST collector area. The variants are:
- 0.9ST-0.1PV (90% of the area is allocated to the ST modules and 10% of the area is allocated to
the PV modules)
- 0.8ST-0.2PV (80% of the area is allocated to the ST modules and 20% of the area is allocated to
the PV modules)
- 0.7ST-0.3PV (70% of the area is allocated to the ST modules and 30% of the area is allocated to
the PV modules)
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The BES system capacity is expressed by the number of autonomy hours, AH. AH represents the
number of hours that a fully charged battery is able to supply the energy demand considering the
average hourly electricity load [71]. In all three mentioned cases, the BES size was changed from 2
AH to 14 AH with the step of 2 AH. Thus, 21 configurations were studied. In the mentioned
configurations, the ST system size is changing from 70%-90% of the required area and the PV
systems size is changing from 10%-30% of the required area. The reason for the smaller PV system
in comparison with the ST system is the smaller amount of the electrical load in comparison with the
heating load. LCOE was employed as an objective function in this analysis. The aim is to find the
optimum value of PV size, ST size, and BES size in order to minimize LCOE. The optimized
configuration was used as a starting point for the sensitivity analysis. The influence of the following
parameters in the PBP and LCOE is assessed through sensitivity analysis. In this analysis, one
parameter was varied at a time while the rest of them were maintained constant with the
aforementioned values.
-

PV system cost
ST system cost
BES system cost
Natural gas cost
Electricity price to buy from the grid
LRP rate

Finally, a set of potential future scenarios were assessed, simultaneously varying government
financial incentives, electricity, and natural gas costs.
3.5 Results and Discussion
3.5.1 Economic results
In Fig. 3.10, the results for LCOE are presented for all ST/PV-BES configurations. It is clear from
this graph that the configurations with the larger ST systems are more economic in all BES sizes.
The primary reason for this is the larger amount of heating demand. Increasing the proportion of the
PV system, also increases the optimized size of the BES. For example, when the PV portion is 10%,
a 6 AH BES produces the lowest value for LCOE, and when this portion increases to 30%, the BES
size with the lowest LCOE increases to 10 AH. The best scenario, is an LCOE value of 22.77 $/GJ,
is for a system with 90% ST, 10% PV, and 6 AH BES (equivalent to 1079 kWh). In this case, the
total ST collector area is 7.2 acres, and the total PV area is 0.8 acres (equivalent to 550 kWp). The
total initial cost of this configuration will be paid off after 22 years and the total LCS is $820,000 at
the end of the system lifetime. Details of this scenario’s performance are discussed in the next
section. It should be noted that the minimum LCOE achieved is far more than 8.19 $/GJ, which is
the LCOE for the case without the solar system that uses natural gas for the heating system and the
grid for the electricity. Therefore, solar systems cannot compete with conventional systems, mainly
because of the low price of natural gas.
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Figure 3.10- LCOE values for different ST/PV-BES system configurations

3.5.2 System performance
Monthly solar fractions were evaluated to assess the overall performance of the optimized size of the
ST/PV-BES system. The solar fraction is defined as the ratio of the energy supplied by the solar
system and the total energy demand of the greenhouse. This value was evaluated for the ST
subsystem and PV/BES subsystem separately. Heat supplied to the greenhouse by the solar system
and the required auxiliary heating source are plotted by different coloured patterns in the overall
monthly heating demand bars to be distinguishable in Fig. 3.11. Also, the ST solar fraction is
calculated and plotted in Fig. 3.11. It can be seen in the summer months when the solar irradiation is
highest, the ST subsystem is able to cover almost the entire heating load. The ST system solar
fraction is changing from an average value of 20% in the winter months to an average value of 94%
in the summer months. This subsystem is able to cover 36% of annual greenhouse heating load.
Electricity supplied to the greenhouse by the solar system and the electricity from the grid are plotted
by different coloured patterns in the overall monthly electricity demand bars to be distinguishable in
Fig. 3.12. Also, the PV-BES solar fraction is calculated and illustrated in Fig. 3.12. The monthly PVBES solar fraction is changing from an average value of 37% in winter months to an average value
of the 70% in the summer months. The annual PV-BES system solar fraction is 51%.
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Figure 3.11- Heating supplied, required auxiliary heat, and monthly solar fraction
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Figure 3.12- Electricity supplied, required electricity from the grid, and monthly solar fraction
The amounts of energy surplus and the energy purchased from the grid are shown in Fig. 3.13.
Electricity purchase is equal to 49% of the total electricity demand and is required particularly in the
winter time. During the summer months, the electricity surplus corresponds to 20% of the total
energy production and it is concentrated during the high irradiation period.
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Figure 3.13- Average monthly energy surplus and energy purchased from the grid
Fig. 3.14a and b show the hourly load curve, the hourly PV generation, the portion of energy
delivered to the grid, and the amount of energy used to charge the BES system in typical summer
and winter days. According to Fig. 3.14a, the BES, which was charged the day before, is discharging
to meet the electrical load between hours 12 and 1. When the BES reaches the minimum SOC, the
grid then meets the electrical load between hours 2 and 5. The PV system generation starts with the
sunrise at hour 6. From hour 6 to 8, both PV system and grid meets the load. Between hours 9 and
12, the PV system covers not only the load but also charges the BES. Because the solar irradiation
on the selected day at hour 12 is equal to 980 W/m2 which is close to solar irradiation under standard
test conditions (1000 W/m2), PV generation reaches a peak of 545 kWh at hour 12, which is close to
PV system capacity (550 kWp). When the BES is full, the surplus electricity can be sold back to the
grid between hours 13 and 17. The PV system generation ends with the sunset at hour 19. From that
time onward, the stored energy in BES is then discharged to the load during the night. On the other
hand, based on Fig. 3.14b, the BES system is not exploited during a typical winter day. The PV
system only can cover a portion of the electrical load and there is not any surplus electricity to be
sold back to the grid.
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(a)

(b)

Figure 3.14- Hourly PV system performance in (a) a typical summer day and (b) a typical winter day
3.5.3 Sensitivity Analysis
It is impossible to know for certain the value of the electricity price, natural gas cost, carbon tax, or
inflation rate over the next 25 years. These economic parameters have significant effects on the
financial feasibility of the proposed solar energy system. To examine these effects a sensitivity
analysis is presented in this section. In this simple analysis, when one variable is changed, all other
variables remain at their assumed nominal values.
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These effective parameters can be studied in two groups:
1) ST parameters: ST system cost, and natural gas cost
2) PV parameters: PV system cost, LRP rate, price of grid-supplied electricity, and battery price
The influence of the select economic variables on the LCOE and PBP are presented in Fig. 3.15a and
b. Influencing parameters are varied from 0% to 50%, results are shown in the following figures.
According to these figures, ST subsystem parameters have a greater influence on the LCOE and PBP
in comparison with PV subsystem parameters. The reason is the greater size of the ST subsystem.
Among ST subsystem parameters, natural gas has a significant impact on LCOE and PBP. By
increasing the natural gas cost by 50%, the LCOE increases by nearly 25% and the PBP could be
reduced to the same amount. By reducing and increasing the value of the PV parameters by 50%,
LCOE and PBP variation is less than 5% and 15%, respectively. Aside from the ST subsystem
parameters, the electricity price is the most influential parameter on the LCOE and PBP. LRP rate
and PV system cost have similar effects on the LCOE. However, the PV system cost is more
effective than the LRP rate on PBP. Battery price does not have a significant influence on either the
LCOE or PBP. The LCOE is only reduced by 0.72% and PBP by 2.18% when the battery price is
halved. Therefore, in the proposed system, it can be concluded that battery price is not critical in
enhancing the cost competitiveness.
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Figure 3.15- Sensitivity analysis for a) LCOE and b) PBP
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3.5.4 Future scenarios
In this section, the effect of simultaneous variation of natural gas and electricity inflation rates and
financial incentives on ST/PV-BES system PBP are assessed. Six different scenarios are analyzed,
starting with the initial condition that provides the results of section 5-1. Table 3.6 summarizes the
values for the parameters considered in each proposed scenario. The scenarios are sorted from least
optimistic (S0, initial condition) to most optimistic (scenario S5). In these scenarios, inflation rates
of natural gas, electricity, and carbon tax grow from initial values of 3% to 9% and LRP inflation
rate varies from 0 to 6%. Different combinations of these parameters are implemented.
Table 3.6- Values for the different parameters considered in each of the 6 scenarios assessed
Scenario
NG i
Electricity i
LRP i
CT i
S0
S1
S2
S3
S4
S5
S6

3%
4%
5%
6%
7%
8%
9%

3%
4%
5%
6%
7%
8%
9%

0%
1%
2%
3%
4%
5%
6%

3%
4%
5%
6%
7%
8%
9%

Results show that it would only require a one percent increase of all inflation rates to have a PBP
around 20 years (See Fig. 3.16). In each inflation rate increase for the selected parameters, PBP
would, on average, reduce by about 7.6%. If the inflation rates continue to increase, it is possible to
have a reasonable PBP of 15 years or lower. This is demonstrated in scenarios 5 and 6, where a PBP
of 15 and 14.2 years can be achieved. The analysis undertaken shows that the ST/PV-BES system
proposed in this research appears as a cost-competitive alternative under different scenarios.

Figure 3.16- PBP of the proposed ST/PV-BES system in the different future scenarios
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3.6 Conclusions
This paper presented unit sizing and an economic evaluation of a hybrid ST/PV-BES system which
was developed in TRNSYS software for a commercial greenhouse. Heating demand was supplied by
both ST and auxiliary heating systems, and the electricity demand was supplied by both PV-BES
system and the central grid. The model was used to determine the advantageous configurations of ST
size, PV size, and BES capacity that minimizes the LCOE of the system. It was demonstrated that
the best scenario which is a system with 90% ST, 10% PV, and 6 AH BES results in an LCOE value
of 24.77 $/GJ. The transient simulation of the ideal system configuration showed that the optimal
shares of renewable heat energy harvesting and renewable electricity harvesting were 36% and 49%,
respectively. Then, an economic assessment was conducted on the optimized system through series
of sensitivity analyses to evaluate the effects of key influences on system efficacy. The two major
takeaways from this analyses were: (1) The system LCOE was most sensitive to natural gas price
and ST system cost; (2) The influence of the electrical parameters were less important because of the
smaller size of the electrical subsystem.
Finally, the effect of simultaneous natural gas, electricity, and financial incentive (LRP and carbon
tax) inflation was studied through six different scenarios. It was shown that for each step rise in
inflation of the selected parameters, the PBP would reduce by 7.6% on average. Ultimately, it was
revealed that it is possible to have a PBP of less than 15 years.
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CHAPTER 4

Parametric Optimization of Environment Variables to Minimize Energy Requirements
and Improve Solar Thermal Energy System Performance in a Commercial Greenhouse
Sadaf Ekhtiari, Rupp Carriveau, David S-K. Ting
Turbulence and Energy Laboratory, University of Windsor
401 Sunset Ave, Windsor, ON, Canada

4.1 Introduction
Global food demand is progressively increasing, so it is crucial to reduce the risks of global
malnutrition, hunger, and conflict [1]. Greenhouse production plays an important role for food
security and has been commonly used in the agricultural sector by multiple growers worldwide [2,3].
A greenhouse is a transparent environment for incident solar radiation providing an appropriate
microclimate for crops, protecting them from external environments in order to improve their yield
and quality [4]. Greenhouses have been adopted by around 115 countries for commercial vegetable
growing to improve the crop yields [5].
Energy demand modelling is one of the major challenges with greenhouses. To measure the energy
consumption of the greenhouse, various models and tools have been utilized. For example, a
comprehensive Transient Energy System Simulation Tool (TESST) was developed to simulate the
thermal energy dynamics within CEA operations. Modeled thermal demand was benchmarked
against actual measured demand [19]. Furthermore, in order to calculate the heating demand of a
greenhouse located in Saskatoon, a quasi-steady state time-dependent thermal model was developed
[9]. In another study, a Chinese-style thermal model called “CSGHEAT” was developed for solar
greenhouses. The model was used to estimate the time-dependent heating demand. The relative root
mean square error (rRMSE) and the average percent error were reported to be equal to 11.5% and
8.7%, respectively [10]. This model was then compared with a different TRNSYS model [9]. The
study demonstrated that TRNSYS assumptions – such as fixed infiltration rate, moisture gain
schedule, and use of thermal blankets – produce large errors in heating demand estimation. A
Building Energy Simulation (BES) model was developed using TRNSYS to determine the
greenhouse energy demand based on the type of greenhouse, the area, and specified internal air
temperatures for the climatic conditions of the Republic of Korea [11]. This model was
experimentally verified with Nash-Sutcliffe efficiency coefficients of 0.84 and 0.78 to be used for
greenhouse thermal simulations. It was concluded that multi-layer night thermal screens can save
20%, 5.4%, and 13.5% of heating energy consumption compared to polyester, Luxous, and Tempa
screens, respectively. In another study by [12], this model was used to assess the effect of
greenhouse design parameters on energy efficiency. It was decided that the best design for South
Korea's climate is a greenhouse-oriented east-west with a gothic-shaped roof and covered with a
double glazing of Polymethylmethacrylate.
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The advantages of indoor agriculture do not come without cost. Modern greenhouses and vertical
farms require significant investments of capital expenditures, labor, and energy consumption. Of
these, supplying the demanded energy has the most significant cost in greenhouse operations [13].
There are different kinds of heating solutions implemented in the greenhouse’s operations, including
fossil fuels. There are several limitations, however, associated with this solution, such as carbon gas
emissions, fuel price volatility, and others. These concerns have driven interest in considering the
application of renewable energy as an additional source of heating greenhouses. Among all the
renewable resources, solar energy has been found to be an attractive alternative for conventional
fossil fuels, owing to its abundance, environmental profile, and decreasing costs [14-18]. Solar
systems are able to generate both electricity and heating based on the technology used. Solar thermal
(ST) collectors play an important role in supplying the heating load of the greenhouses. In previous
studies by the authors, a solar thermal system was modeled using TRNSYS simulation software
(version 17) to meet the heating demand of the commercial greenhouse [19].
The air temperature inside a greenhouse essentially relies upon the external climatic conditions
including surrounding temperature and solar radiation, as well as other design variables [20]. The
main structural variables affecting greenhouses' heating/cooling energy demands and thermal
behaviors are the cladding material characteristics, shape, and orientation, and air change rate as well
[20]. Precise estimations of solar radiation and heat transfer coefficients are crucial for building a
perfect thermal model, since these variables significantly impact the greenhouse energy and mass
balance [21-23]. Greenhouse shape and direction significantly affect the total solar radiation
absorbed by the greenhouse, which influences the indoor air temperature [24-28]. One of the main
challenges of greenhouse energy modelling is including the plants' effects and contributions [29,30].
The presence of the yields significantly impacts greenhouse microclimate. TRNSYS software was
deployed for the transient 93 simulation of the indoor greenhouse climate in several studies [31]. It
was reported in the literature that the software demonstrated superior performance [32-36].
Modelling the thermal behavior of a greenhouse using building software is more difficult due to the
complex nature of plant transpiration. Several studies have been conducted modeling the greenhouse
using this form of software without considering the crops inside or assuming a constant
evapotranspiration rate, which leads to enormous inaccuracies in greenhouse heating/cooling energy
requirements [9].
Compared to mainstream building science, the literature focused on the greenhouse growing
environment is relatively scarce. The authors have not yet seen a study that leverages incremental
improvements to existing CEA practices while introducing the potential for pioneering change
through a complete reimagining of the growing environment. The objective of this study is to
minimize CEA energy requirements and to improve system performance for operations through
parametric optimization of major growing environment variables, including cladding material and
window-to-wall ratio. Various scenarios were created by varying window-to-wall area ratio with
different types of wall materials to find the best configuration and evaluate the potential ways of
reducing the heating demand – while maintaining an acceptable range for cooling demand and solar
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energy absorption. Furthermore, additional scenarios were created by changing the characteristics of
the solar thermal model elements, such as hot water tank capacity and heat exchanger effectiveness.
The solar fraction was then calculated for each scenario to determine the impact of the greenhouse’s
design parameters on its energy-saving efficiency.
4.2 Methodology

In this proposed study, a dynamic simulation of the solar thermal system was implemented in
TRNSYS. The performance of the system during a one-year operation was assessed. TRNSYS
(“Transient System Simulation Program”) is a simulation environment for the transient simulation of
energy systems [37]. As a complete and extensible simulation environment, it has become a popular
choice for many researchers [38-43]. This section describes the reference greenhouse specifications,
as well as inputs of the transient model of the solar thermal system and system performance. These
inputs are the hourly meteorological loads and hourly heating loads of the greenhouse. Finally, a
parametric study has been carried out on this solar thermal system to explore the potential ways of
reducing energy consumption and improving the energy efficiency and sustainability of CEA
operations. Major growing environment variables were investigated in this parametric optimization,
including cladding material and window-to-wall ratio, as well as characteristics of the solar thermal
model elements such as hot water tank capacity and heat exchanger effectiveness.
4.2.1 Reference greenhouse
The modeled reference greenhouse was a 24-acre, gutter-connected, and Venlo-type structure
located in Essex County, Ontario, Canada. The Essex region has a cold climate, and it is the heart of
greenhouses in North America. The building has height of 5.5 m and a roof slope of 25°. This
greenhouse produces bell peppers.
4.2.2 Meteorological information
In order to supply climate data to the model, the Weather Data Processor is used. Data is taken from
the Canadian Weather for Energy Calculation (CWEC) dataset for Windsor (latitude 42.32°N and
longitude 83.03°W). The CWEC dataset consists of hourly weather information from the Canadian
Weather Energy and Engineering Datasets (CWEEDS) for an artificial one-year cycle composed of
twelve average months in a 30 year compilation [44,45]. The input weather data includes total tilted
radiation, hourly dry bulb temperature, diffuse radiation, beam radiation, angle of incidence for the
collectors, and ground reflections. The CWEC dataset includes a mixture of sunny and cloudy days,
with multiple variations of both [46]. This dataset has been widely used in the measurement of
heating loads and in the design of solar thermal systems [47].
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4.2.3 Annual heating energy consumption
The greenhouse’s thermal energy requirements are determined based on internal loads and external
climatic conditions. The hourly load profile is useful in properly designing and dimensioning the
greenhouse's solar energy system and in providing precise data for efficient computer simulation.
To calculate the heating load, one acre of the greenhouse is simulated in order to normalize the
model. This acre includes 10 bays, each with a width of 5 m. Two lower and upper thermal zones
were considered to determine the thermal conditions near and far from the crop [48]. The lower node
has a height of 3.5 m and the upper node has a height of 2 m. The window-to-wall (frame) area ratio
for both upper nodes and lower nodes is 9. The frame material is aluminum, and the window
material is double polyethylene. The greenhouse’s 3D geometry was modeled in Google SketchUp,
and imported into the building model with the TRNSYS3D plug-in. The SketchUp schematic is
illustrated in Figure 4.1.

Figure 4.1 - 3-Dimensional Greenhouse Model in Google SketchUp

The thermal properties of the greenhouse were modeled using Type 56, a multi-zone building in the
sub-program TRNBuild. The day and night set-point temperatures for the bell peppers are 22°C and
18°C, respectively. The infiltration ratio is determined to be in the range of 0.5 to 1.5 ACH [49]. The
night set-point temperature is raised 1°C an hour in the early morning to reach the day set-point
temperature prior to the sunrise. Regardless of the indoor temperature, morning pre-heating is
supplied between 3 a.m. and 6 a.m. year-round. The crop termination months stretch from midNovember to January, and the indoor temperature is maintained above freezing at 5°C [48]. The
overall efficiency of the heating system of the reference greenhouse is assumed to be 75% [48]. The
heating system consists mainly of hot water piping located near the floor and the top of the fully
grown crops. The ventilation system activates, providing 60 ACH when the inside temperature or
relative humidity exceeds 25°C and 85%, respectively. The covering material of the roof and walls
of the greenhouse is air-inflated double-polyethylene. The heat transfer coefficient of the greenhouse
cover was set at 5𝑊 ⁄𝑚2 . ℃, which is consistent with the literature [50]. The light transmittance of
double-polyethylene film is typically 75% [51].
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In TRNSYS, the sensible heating demand of the one-acre greenhouse is determined with a time step
of one hour over a full year. For the 24-acre greenhouse, the profile is multiplied by 24. The heating
system must supply the sensible heating demand in the greenhouse. For the modeled greenhouse, the
hourly rational heating load profile is shown in Figure 4.2. The hourly heating demand is required by
the system as an input. According to Figure 4.2, the peak hourly demand for mid-January is about
16.5 MWh. The morning loads for pre-heating were set at 8.3 kWh. The reason for the low energy
demand for November and December is crop termination.
The monthly sensible heating demand is depicted in Figure 4.3, and it is benchmarked with the
actual data from the reference greenhouse. A good consistency is recognized between the actual and
modeled data, which supports its use for solar thermal system design. The total annual heating
energy demand for the modeled greenhouse was determined to be 5,000 GJ, which is within 5% of
the actual data.
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Figure 4.2 - Hourly heating demand of the greenhouse from TRNSYS Model [19]
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Figure 4.3 - Actual and modeled monthly heating demand of the greenhouse [19]
4.2.4 Solar Thermal System Description
To calculate the solar energy harvesting rates, the ST system model is analyzed. Using TRNSYS
software (v. 17), a dynamic system is simulated. System simulation was performed for one year
using a simulation time step of one hour.
In the schematic shown in Figure 4.4, the ST system and its components are included. The ST
system operates to meet the heating load. The main components of ST solar systems are solar
collectors, which transform the incident solar radiation into heat. The harvested heat is transferred by
the working fluid for greenhouse space heating; it is stored in a tank to be restored at night or on
cloudy days. Natural gas burns in the auxiliary system.
Pump

Weather Data
Heat
Exchanger

ST
Collectors

Pump

Water
Tank

Controller

Heating Load

Pump
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Heating

Controller

Figure 4.4 - Schematic diagram of the main components of the solar system
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4.2.4.1 Solar Thermal System Elements
The solar thermal system is responsible for meeting the heating load, and consists of the following
elements:
Flat-plate Solar Collectors: For low-to-medium temperature applications, flat-plate solar collectors
are used [52]. The array of solar collectors consists of units linked both in series and parallel to each
other. The ST collector's tilt angle was optimized for the latitude of the location [53]. It is assumed
that a solution of 50% propylene glycol and water was circulated through the collector loop to avoid
freezing during wintertime [54], and that the specific heat of the working fluid was equivalent to 3.6
kJ/kg°C [43]. To model the performance of a flat-plate solar collector, Type 1C is used. The
quadratic efficiency equation – which is the generalization of the Hottel-Whillier equation – has
been used to model the flat plate solar collector in TRNSYS [55].
(ΔT)
(ΔT)2
η= a0 -a1
-a2
ΙT
IT

(1)

𝛥𝑇 is the difference between the fluid's inlet temperature to the collector and ambient air
temperature, while 𝑎0 , 𝑎1 , and 𝑎2 are the intercept efficiency, efficiency slope, and efficiency
curvature, respectively. The values of 𝑎0 , 𝑎1 , and 𝑎2 are derived from product certification data
[56]. 𝛪𝑇 is the global radiation incident on the solar collector. Each selected module has an area
of 1,865 m². Table 4.1 summarizes the data used for the flat-plate solar collector. In an external
file, the Incidence Angle Modifier (IAM) is supplied to account for the effect of the solar
irradiance inclination with respect to the solar collector surface.
Table 4.1 - Flat-plate solar collector parameters
Main Parameters
Value
Unit
Working Fluid Specific Heat

3.32

Intercept Efficiency

0.604

kJ⁄kg K
-

Efficiency Slope

3.73

kJ/h m2 K

0.0086

kJ/h m2 K2
kg/h m2

Efficiency Curvature
Tested Flow Rate
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Heat Exchanger: The working fluid in the solar collector loop is an anti-freeze fluid, so a heat
exchanger is necessary to transfer the heat absorbed by the fluid in the collector to the water in the
water tank. The heat exchanger used in this simulation is external. The counter-flow heat exchanger
of TRNSYS Type 91, based on an effectiveness minimum capacitance approach, was considered.
The heat exchanger effectiveness is determined to be 0.8 [57]. In the stable effectiveness mode, the
parameters that are considered for the maximum possible heat transfer are the minimum capacity
rate fluid and the cold side and hot side fluid inlet temperatures.
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Hot Water Storage Tank: TRNSYS Type 534 is used to model a cylindrical tank [58]. In all cases,
the total water tank volume is set to 100 l/m² of the solar thermal collector area. The modeled tank
was split into five isothermal temperature nodes to model the stratification. A 2:1 proportion is
considered as the tank's height-to-diameter ratio. The links are placed at the top and bottom of the
tank.
Controllers: For each circuit, on/off differential controllers are used to study the fluid temperature
inputs leaving the collector, the temperature of the water tank's bottom node, the system's cut-off
temperature, and the availability of the demand for heating. Controllers produce an output control
feature of 1 (On) or 2 (Off) to turn pumps on or off, depending on the receiving inputs.
Circulation Pumps: TRNSYS Type 3 is used for modeling variable speed pumps. The maximum
flow capacity and the mass flow rate are computed with this type. In all cases, the maximum flow
capacities are specified based on the ST system size. The mass flow rate is calculated based on a
variable control feature from the controllers.
Heating Load: To impose the measured heating load on the flow stream leaving the solar thermal
system, TRNSYS Type 682 is used. This type serves as an interface point between the greenhouse
and the solar thermal system.
4.2.4.2 Solar Thermal System Performance
To assess the overall solar thermal system performance, the monthly solar fractions are evaluated.
The Solar Fraction (SF) is the ratio of the energy supplied by the solar system to the total energy
demand of the greenhouse, which it is shown in Equation 2. In Figure 4.5, the heat supplied to the
greenhouse by the solar system and the required auxiliary heating source are represented in the
overall monthly heating demand bars with various colored patterns to be differentiated. The solar
fraction in Figure 4.5 is also measured and plotted. In the summer months, when the solar irradiation
reaches its peak, the solar thermal can cover almost the entire heating load. The solar fraction
fluctuates from an average amount of 20% in winter months to an average amount of 94% in
summer months. The solar thermal system can cover 36% of the annual greenhouse heating demand.

SF =

Heating supplied by the solar system
Total Heating demand of the greenhouse
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Figure 4.5 - Heating supplied, required auxiliary heat, and monthly solar fraction [19]

4.3 Parametric Study
The study is carried out by considering different parameters to assess their impacts on system
performance and energy efficiency. Different scenarios are created by varying the window-to-wall
area ratio with different wall type materials to find the best configuration, as well as to evaluate
potential ways of reducing the heating demand while maintaining an acceptable range for cooling
demand and solar energy absorption. Based on an initial sensitivity analysis study conducted on
different types of wall materials, it was concluded that changing the wall type to brick has the most
impact on the system. Brick acts as thermal storage that can store the day’s heat and restore it at
night. Therefore, brick is considered the wall type material for the alternate scenarios. The scenarios
are created by changing the window-to-wall area ratio incrementally, and substituting a brick wall as
the window area for lower nodes only, upper nodes only, or both upper and lower nodes. The yearround output results for heating demand, cooling demand, and absorbed solar energy are then
compared against the output of the reference greenhouse [19], allowing for the derivation of results
varying according to the scenario definition, structure configuration, and system behavior. Based on
the substantial similarities and differences among the results of the scenarios, the scenarios were
then characterized into three different categories: 1) changes in the lower nodes only; 2) changes in
the upper nodes only; and 3) a combination of changes to upper and lower nodes. In order to
demonstrate system behavior under these scenarios, three sample scenarios, each from a different
category, are discussed in detail in this study. The heating demand for each scenario is then imported
to the developed solar thermal model to calculate the energy efficiency and solar fraction.
Furthermore, additional scenarios are created by changing the characteristics of the solar thermal
model elements, such as hot water tank capacity and heat exchanger effectiveness. The solar fraction
is then calculated for each scenario to determine the greenhouse’s design parameters’ impact on its
energy efficiency.
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Solar Fraction

Heating Demand (MWh)

Heating Supplied by Solar System

4.3.1

Selected Scenarios of Changing the Greenhouse Structure Configuration

Different system configurations are studied to determine the most optimized option. The window
and wall sizes are considered in three variants differing in the ratio of window and wall areas for the
lower nodes only, upper nodes only, and both upper and lower nodes. The variants are:
Scenario 3.1.1: 0.0 window - 1.0 wall - lower nodes only (0% of the lower nodes’ surfaces is
allocated to the transparent window area, and 100% of the area is allocated to the brick walls. The
upper nodes remain unchanged)
Scenario 3.1.2: 0.5 window - 0.5 wall - upper nodes only (50% of the upper nodes’ surfaces are
allocated to the transparent window area, and 50% of the area is allocated to the brick walls. The
lower nodes remain unchanged)
Scenario 3.1.3: 0.8 window - 0.2 wall - upper & lower nodes (80% of the upper and lower nodes’
surfaces is allocated to the transparent window area, and 20% of the area is allocated to the brick
walls)
It should also be emphasized that various scenarios were created, and the comprehensive study was
conducted by incrementally changing the window area by 10% in the range of 0% to 90% and
substituting the areas with brick walls for the lower nodes only, the upper nodes only, and a
combination of upper nodes and lower nodes; it was decided, however, to only discuss the three
sample scenarios defined in section 3.1 to describe the system behavior.
4.3.2

Selected Scenarios of Changing the Characteristics of Solar Thermal Model Elements

To further improve the system performance, changes to the hot water tank capacity and heat
exchanger effectiveness have also been studied. The hot water storage tank is a cylindrical tank. The
heat generated by the solar collectors is carried by the working fluid for greenhouse space heating
and stored in a water storage tank to be conserved for nights or cloudy days. The working fluid in the
solar collector loop is an anti-freeze fluid, and a heat exchanger is used to transfer heat absorbed by
the fluid in the collector to the water in the water tank. The performance of the heat exchanger is
shown through heat exchanger effectiveness. The case study is carried out thorough the changing
characteristics described in the below scenarios.
Scenario 3.2.1: doubling the capacity of the tank from 135 𝑚3 to 270 𝑚3
Scenario 3.2.2: changing the heat exchanger effectiveness from 80% to 70%
Scenario 3.2.3: changing the heat exchanger effectiveness from 80% to 90%
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4.4 Results and Discussion
The parametric study was conducted with the goal of reducing the heating demand while keeping the
cooling demand and the solar radiation absorption within acceptable ranges. It was hypothesized
that, by blocking the nodes with brick, extra heat would be generated in the system and, therefore,
the heating demand from the sources would be reduced. Overheating may occur, however, so the
cooling demand may increase as a result. On the other hand, blocking the area with brick reduces the
solar radiation absorption. By studying the system, it was concluded that most of the solar energy is
absorbed from the upper nodes, while the lower nodes do not have a significant impact on the
amount of solar radiation absorption. Therefore, in the first scenario, all the lower nodes were fully
blocked by brick as a type of wall material. Also, in order to maintain the absorbed solar radiation
within an acceptable range, in the second scenario, only 50% of the upper nodes were covered by
Brick as a wall type material. Finally, since changes in the lower nodes and the upper nodes
demonstrated different patterns for heating and cooling demands over a year, the third scenario was
selected to be a combination of the changes in the lower nodes and upper nodes by blocking only
20% of each node with Brick. This scenario was found to be a good trade-off between the first
scenario and the second scenario.
Figures 4.6a, 4.6b, and 4.6c benchmark the heating demand, cooling demand, and absorbed solar
radiation, respectively, for Scenario 3.1.1 with respect to the results of the reference scenario [19].
Figure 4.6a demonstrates that the heating demand has been reduced in every month, and, more
specifically, in November and December, decreasing 9% and 30%, respectively. Unlike heating
demand, however, cooling demand increased a great deal, as shown by Figure 4.6b. In order to better
understand the behavior of the system, the actual temperature of the lower nodes in Scenario 3.1.1
and the reference scenario were monitored from January to mid-November. The temperature of the
lower nodes in the reference scenario were reported to be between 18 and 25°C, with an average
temperature close to 25°C. Blocking the lower nodes in Scenario 3.1.1 caused overheating to occur
and the actual temperature for all nodes to increase to over 25°C; the cooling system, however,
became involved in maintaining the temperature at 25°C. Since the actual temperature for the lower
nodes in the reference scenario were already high and close to 25°C, not only did producing extra
heat through addition of brick result in insubstantial reduction in heating demand from January to
mid-November, but also it led to significant increase in cooling demand. Moreover, it is crystal clear
that blocking the greenhouse structure and reducing the window area can have the adverse effect on
solar radiation. So, as it is illustrated in Figure 4.6c, solar radiation has been decreased by 6% in
summer months and 11.2% in winter months.
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Figure 4.6 - Heating demand(a), cooling demand(b), and solar radiation(c) for scenario 3.1.1

67

Figures 4.7a, 4.7b, and 4.7c benchmark the heating demand, cooling demand, and absorbed solar
radiation, respectively, for Scenario 3.1.2 with respect to the results of the reference scenario [19].
Figure 4.7a shows that heating demand has declined significantly through all months of the year – by
39.3% in winter months and 61.2% in summer months. Furthermore, the cooling demand has also
significantly decreased, as depicted in Figure 4.7b. In order to better understand the behavior of the
system, the actual temperature of the upper nodes in Scenario 3.1.2 and the reference scenario were
monitored from January to mid-November. The temperature of the upper nodes in the reference
scenario were reported to be between 18 and 22°C, with the average temperature close to 20°C. In
order to maintain the temperature of the upper nodes within the reference scenario's acceptable range
of 18-22°C, the heating energy is supplied from the lower nodes’ heating energy. Providing this
much energy increases the temperature of the lower nodes beyond 25°C at some times of day during
the year, resulting in more cooling energy being necessary to maintain the temperature at 25°C. By
blocking 50% of the upper nodes area with brick in Scenario 3.1.2, the brick acts as a thermal
storage system, reducing the burden from the lower nodes’ heating suppliers. This resulted in an
overall smaller required heating demand, as well as less demand for cooling, as it reduced the
overheating occurring in the lower nodes. Moreover, as 50% of the upper nodes were blocked by
brick in Scenario 3.1.2, almost 45% of solar radiation has been reduced, as depicted in Figure 4.7c,
which has an adverse effect on plant growth; that is the downside of this scenario.
As demonstrated in Figures 4.6 and 4.7, both Scenarios 3.1.1 and 3.1.2 have their advantages and
disadvantages. The next scenario is designed as a combination of the two last scenarios with respect
to their limitations.
Figures 4.8a, 4.8b, and 4.8c benchmark the heating demand, cooling demand, and absorbed solar
radiation, respectively, for Scenario 3.1.3 with respect to the results from the reference scenario [19].
Figure 4.8a shows that heating demand has been reduced by 13% in January at its lowest rate and
33.5% in July at its highest rate. Furthermore, as illustrated in Figure 4.8b, the cooling demand great
reduces in all months of the year, with the highest reduction in December, a time when not much
cooling is required. Moreover, as depicted in Figure 4.8c, absorbed solar radiation has been reduced
by 16% for all months of the year, which is more reasonable than the reduction from Scenario 3.1.2.
Furthermore, in order to better compare these three scenarios, the monthly heating demand, cooling
demand, and solar radiation absorption change rates with respect to the reference scenario [19] are
tabulated in Tables 4.2, 4.3, and 4.4, respectively. Scenario 3.1.3 is the most optimized scenario, as it
involves a reasonable trade-off between energy demand reduction and absorbed solar radiation. It
should also be mentioned that the proposed configuration is a practical structure change to the
greenhouses that will not result in further expenses, possibly even reducing expenses due to cheap
price of bricks.
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Figure 4.7 - Heating demand(a), cooling demand(b), and solar radiation(c) for scenario 3.1.2
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Figure 4.8 - Heating demand(a), cooling demand(b), and solar radiation(c) for scenario 3.1.3
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Table 4.1- Monthly heating demand (GJ)
Month
January
February
March
April
May
June
July
August
September
October
November
December

Reference
Scenario
1067.6
932.2
755.7
525.6
294.2
73.5
42.8
83.7
191.2
453.0
318.4
255.9

3.1.1 Scenario

3.1.2 Scenario

3.1.3 Scenario

1065.8
932.2
755.1
525.4
294.0
73.1
42.4
83.0
189.5
450.1
289.7
177.9

678.7
575.3
440.6
277
128.2
22.1
10.9
28.9
88.6
256.4
190.9
164

925.0
802.4
638.3
428.6
224.6
50.6
28.5
59.6
148.2
374.9
266.6
217.4

Table 4.2 - Monthly cooling demand (GJ)
Month
January
February
March
April
May
June
July
August
September
October
November
December

Reference
Scenario
263.6
310.3
369.3
429.9
537.5
588.5
639.2
535.0
378.1
254.0
74.0
0.0

3.1.1 Scenario

3.1.2 Scenario

3.1.3 Scenario

852.3
882.2
915.8
928.6
985.2
921.5
925.6
831.0
669.6
615.0
247.2
13.3

33.8
53.4
82.4
123.0
213.0
334.0
406.0
304.0
171.0
66.7
14.9
0.0

220.8
261.9
308.1
357.7
458.1
532.0
587.9
481.5
325.2
205.5
58.7
0.0
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Table 4.3 - Monthly solar radiation (𝑊 ⁄𝑚2 )
Month

Reference
Scenario
741.8
947
1352.5
1736.7
2250.1
2299.2
2272.2
2101.5
1646.5
1156.9
678.7
573.4

January
February
March
April
May
June
July
August
September
October
November
December

3.1.1 Scenario

3.1.2 Scenario

3.1.3 Scenario

640.0
836.5
1241.3
1625.3
2127.6
2182.8
2153.1
1976.1
1522.5
1044.8
600.3
499.9

435.0
546.0
757.0
957.0
1230.0
1250.0
1240.0
1150.0
916.0
656.0
391.0
334.0

620.0
790.0
1130.0
1450.0
1870.0
1910.0
1890.0
1750.0
1370.0
965.0
566.0
479.0

In order to analyze the effects of structural changes end-to-end, the scenarios’ heating demands were
imported in the solar thermal model developed in an earlier study [19], and the solar fraction is
calculated for each scenario as an overall solar thermal system performance. The results are included
in Table 4.5. As it is depicted, Scenario 3.1.3 results in improving overall energy efficiency from
36% to 39% without much sacrificing solar radiation absorption. Moreover, further actions can be
taken in terms of greenhouse design in order to compensate the solar radiation lost by implementing
artificial lighting.
Table 4.4 - Solar Fraction for the greenhouse structure scenarios

Solar Fraction

Reference
Scenario
36%

3.1.1 Scenario

3.1.2 Scenario

3.1.3 Scenario

37%

40%

39%

Finally, the effects on energy efficiency that come with changing the characteristics of the solar
thermal model elements are illustrated in Table 4.6. As is shown, doubling the tank size can result in
increasing energy efficiency from 36% to 43%. Changing the heat exchanger coefficient, however,
does not result in any considerable changes in the solar fraction.
Table 4.5 - Solar Fraction for the Solar Thermal model scenarios

Solar Fraction

Reference
Scenario
36%

3.2.1 Scenario

3.2.2 Scenario

3.2.3 Scenario

43%

36%

36%
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4.5 Conclusions
The benchmarked TESST model was utilized to minimize CEA energy requirements for a sample of
existing operations through the parametric optimization of major growing environment variables,
including cladding material and window-to-wall ratio. Different scenarios were created by varying
the ratio of window-to-wall with different types of wall materials in order to find the best
configuration and to evaluate potential ways of reducing heating demand while maintaining an
acceptable range for cooling demand and solar energy absorption. The year-round output results for
heating demand, cooling demand, and absorbed solar energy were then compared against the
reference scenario. The heating demand for each scenario was then imported into the developed
solar thermal model to calculate the energy efficiency and solar fraction. It was demonstrated that
the best greenhouse configuration – a system with 80% window area and 20% wall area in both
lower nodes and upper nodes – results in the reduction of heating and cooling energy demands
without significantly compromising the solar energy absorption. This scenario leads to increasing
solar fraction from 36% to 39%. Furthermore, additional scenarios were created by changing the
characteristics of the solar thermal model elements, such as hot water tank capacity and heat
exchanger effectiveness. The solar fraction is then calculated for each scenario to determine the
impact the greenhouse’s design parameters have on its energy saving efficiency. It was concluded
that doubling the tank capacity improves system performance from 36% to 43%, and that changing
the heat exchanger effectiveness has only minor impacts on the system performance.
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CHAPTER 5

Conclusions and Recommendations
5.1 Summary and Conclusions
Moving toward using clean and more sustainable energy is crucial to minimize reliance on fossil
fuels for heating purposes in the agricultural greenhouse sector. This study has investigated the
opportunity to reduce this reliance by parametric optimization of the closed greenhouse systems and
large-scale collector systems. In order to determine the direct and indirect environmental impacts of
greenhouse production and investigate the processes that are responsible for major environmental
harms, a Life Cycle Assessment (LCA) study of bell pepper greenhouse production was carried out
in Chapter 2. The results demonstrated that the global warming is the main environmental hazards by
having the maximum amount among other environmental categories. Furthermore, the natural gas, a
type of fossil fuel that is used as the energy source for heating the greenhouses, was the main
contributor to the global warming by being around 85%. Also, it is the significant contributor to
other environmental harms by ranging from 15% to 85%. This conclusion underscored the
importance of studying the effects of other energy alternatives on the environment. Thus, the
proposed study, suggests utilizing renewable energy such as solar energy as the heating resource
instead of the natural gas to reduce the environmental impacts. It was demonstrated that adopting
this alternative can lead to eliminating the environmental hazards of using natural gas in the
greenhouses. Moreover, the amount of environmental harms can reduce very largely including 22%
for ecotoxicity and 74% for global warming. Therefore, by using renewable energy instead of fossil
fuels, greenhouses can develop a more sustainable model for modern agriculture. Furthermore, there
are a number of limitations to this study that deserve to be mentioned. For example, the study
requires a wide range of data divided in two groups of foreground and background data. The
AGRIBALYSE v.1.3 database was used to provide the background data to mitigate this limitation.
Also, the results of this study is limited to typical greenhouse systems of Leamington, ON; however,
the proposed framework and procedure can be deployed in other studies with different greenhouses
worldwide.
Chapter 3 presented unit sizing and an economic evaluation of a hybrid ST/PV-BES system which
was developed in TRNSYS software for a commercial greenhouse. Heating demand was supplied by
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both ST and auxiliary heating systems, and the electricity demand was supplied by both PV-BES
system and the central grid. The model was used to determine the advantageous configurations of ST
size, PV size, and BES capacity that minimizes the LCOE of the system. It was demonstrated that
the best scenario which is a system with 90% ST, 10% PV, and 6 AH BES results in an LCOE value
of 24.77 $/GJ. The transient simulation of the ideal system configuration showed that the optimal
shares of renewable heat energy harvesting, and renewable electricity harvesting were 36% and
49%, respectively. Then, an economic assessment was conducted on the optimized system through
series of sensitivity analyses to evaluate the effects of key influences on system efficacy. The two
major takeaways from these analyses were: (1) The system LCOE was most sensitive to natural gas
price and ST system cost; (2) The influence of the electrical parameters was less important because
of the smaller size of the electrical subsystem. Finally, the effect of simultaneous natural gas,
electricity, and financial incentive (LRP and carbon tax) inflation was studied through six different
scenarios. It was shown that for each step rise in inflation of the selected parameters, the PBP would
reduce by 7.6% on average. Ultimately, it was revealed that it is possible to have a PBP of less than
15 years.
Last but not least, Chapter 4 utilized the developed TESST model and Solar Thermal model from
Chapter 3 to minimize energy requirements for sample existing operations through parametric
optimization of major growing environment variables including cladding material and window to
wall ratio as well as the characteristics of the solar thermal model elements such as hot water tank
capacity and heat exchanger effectiveness. It was demonstrated that the best greenhouse
configuration which is a system with 80% window area and 20% wall area in both lower nodes and
upper node results in heating and cooling demand energy reduction without significantly
compromising the solar energy absorption. This scenario leads to increasing in solar fraction from
36% to 39%. It was also concluded that doubling the tank capacity improves system performance by
from 36% to 43% and changing the heat exchanger effectiveness has minor impacts on the system
performance.
5.2 Recommendations
The research findings of this study are based on previous studies that can guide the researchers
toward the next steps. The conducted LCA study in Chapter 2 highlighted the environmental harms
of using fossil fuels for heating purposes of the agricultural sectors. It demonstrated how using solar
energy as an alternative energy resource can develop a more sustainable model for modern
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agriculture and eliminate several environmental harms caused by the carbon-based fuels. However,
further study is required to investigate the feasibility of utilizing the solar energy in the greenhouses’
systems. As a future study, one can conduct a life cycle costing (LCC) analysis on using solar energy
as the main heating source for greenhouses. The LCC can help determine if this alternative can be
economically sustainable or other actions are needed to be applied by industry to make it more
sustainable. Moreover, the conducted economic analysis in Chapter 3 investigated the effect of
simultaneous natural gas, electricity, and financial incentive (LRP and carbon tax) inflation through
six different scenarios. It was shown that for each step rise in inflation of the selected parameters, the
PBP would reduce by 7.6% on average. Ultimately, it was revealed that it is possible to have a PBP
of less than 15 years. Future activities can focus on the multi-objective optimization of the hybrid
solar system considering system performance, economic parameters, and environmental factors.
Moreover, the effect of using the surplus electricity of the PV system generation for electrical
heating on the economic of the project can be investigated. Chapter 4 investigated different
greenhouses’ configuration by varying window to wall area ratio, and the wall type material, to
minimize the energy consumption. It was demonstrated that the best greenhouse configuration which
is a system with 80% window area and 20% Brick wall area in both lower nodes and upper node
results in heating and cooling demand energy reduction. However, it is clear that using Brick instead
of transparent window area can sacrifice the amount of solar energy absorption. Future studies can
focus on using artificial lighting to compensate the solar radiation loss due to blocking the
transparent area. Moreover, the surplus electricity generated from the PV system can be used to
supply the required electricity for the artificial lighting.
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